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From a comparative biochemical standpoint, it is 
important to know if plants in general possess sub- 
cell particles which, like animal mitochondria, cata- 
lyze the reactions of the tricarboxylic acid (TCA) 
eycle. An understanding of such pathways of carbo- 
hydrate metabolism in plants is a prerequisite to a 
high degree of prediction and control of plant de- 
velopment. 

A number of workers have obtained subcell frac- 
tions, from plants, which were able to catalyze the 
reactions of the TCA cycle. Millerd et al (14) ob- 
tained enzyme particles from etiolated mung bean 
seedlings, Phaseolus aureus, and from avocado fruit 
(15), Persea americana. Davies (6) obtained active 


particles from etiolated pea seedlings, Pisum sativum ; 
Laties (12) reported similar results for particles from 


cauliflower buds, Brassica oleracea; and Ohmura (16) 
found TCA cycle activity in particles from green 
spinach leaves, Spinacia oleracea. Brummond and 
Burris (4) traced the TCA cycle reactions taking 
place in particulate fractions from lupine tissue, Lu- 
pinus albus. Conn and Young (5) also prepared ac- 
tive particles from etiolated lupine cotyledons. All of 
the workers mentioned above used sand with a mor- 
tar and pestle, as did Kennedy and Lehninger (10), 
to comminute the tissues being studied. Beaudreau 
and Remmert (3), using a blendor for homogenization 
of their plant material, obtained active particles from 
Black Valentine beans, Phaseolus vulgaris. This 
blendor method was reported to be superior in some 
respects as a routine method for the isolation of cer- 
» tain subcell particles from plants. 

The work described in this paper was an attempt 
to show that subcell particles, possessing the entire 
component of TCA cycle enzymes, could be isolated 
from a number of plant species by using the blendor 
method. The rates of O, uptake per unit of nitrogen 
as well as the percentages of oxidation of added sub- 
strates were determined. 
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2 Technical paper no. 945, Oregon Agricultural Ex- 
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3 Presented in partial fulfillment of the requirements 
for the Ph.D. degree at Oregon State College. 

4 Present address: Department of Plant Biochemistry, 
University of California, Riverside, California. 


MATERIALS AND METHODS 


SELECTION AND PREPARATION OF PLANT MATERIAL: 
Corn (Zea Mays), morning glory (Convolvulus), and 
mung bean (Phaseolus aureus) seeds were treated for 
ten minutes with a 0.5% solution of sodium hypo- 
chlorite. They were then washed, planted in moist 
vermiculite, and grown in the dark in a constant tem- 
perature chamber (27°C). The corn and mung bean 
seedlings were harvested after ten days. The morning 
glory seedlings were used when they were between 2 
and 3 inches in length. After removal of the cotyle- 
dons, the remaining aerial portions of the plants 
were washed and used in each case. 

New growth Douglas fir (Pseudotsuga menziesii) 
needles were removed from healthy trees in the field 
not more than three hours previous to their use. The 
needles were washed with water and then ground and 
blended. 

Young green poppy plants (Eschscholzia califor- 
nica) were harvested and washed, and the leaves and 
terminal meristems were used directly. 

Cabbage (Brassica oleracea), spinach (Spinacia 
oleracea), onion (Allium), and lettuce (Lactuca sa- 
tiva) were purchased from a local wholesale market. 
These plant materials, onion excepted, were harvested 
not more than two weeks prior to their use. Cabbage 
and lettuce preparations were generally made from 
their respective heads, but in some instances only the 
outer green leaves were used. The spinach prepara- 
tions were obtained from leaves only; the onion 
preparation, from white bulbs. 

The fern (Pteris tremula and Azolla filiculoides) 
and peppermint (Mentha piperita) plants were grown 
in the greenhouse in the light. The same group of 
fern and of peppermint plants was used for all of the 
preparations involving each species. Only newly 
formed leaves were used in both cases, the fern pinnae 
being stripped from the rachises and used without 
washing. 

PREPARATION OF ACTIVE PartiIcLEs: The homog- 
enizing medium contained 1.0M sucrose and 0.1 M 
potassium phosphate at pH 7.0 for all of the different 
preparations with the exception of those from corn, 
for which sucrose at a concentration of 1.5M and 
containing 0.1 M potassium phosphate at pH 7.0 was 
used. 
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The amounts of medium and the amounts of plant 
material used, and the periods of homogenization are 
shown in table I. Four equal portions of plant ma- 
terial were blended in each experiment. The material 
was cut into pieces smaller than one cubic centimeter 
by using either scissors or a knife and chopping board. 
Each portion was then blended with the indicated 
amount of medium in a one-liter capacity Waring 
blendor with a “Cenco-pinto” blade assembly. The 
time and manner of blending were critical. The 
blendor was operated at full speed at all times. Dur- 
ing homogenization the blendor motor and bowl were 
rocked as a unit to throw the material into the blades. 
With a little practice this rocking could be accom- 
plished without danger of stripping the square drive 
shaft on top of the blendor motor. Homogenization 
was done in short consecutive time intervals, and 
after each of these the material in the blendor was 
stirred and pushed from the walls into the bottom of 
the blendor jar. After blending, each portion of the 
material was strained through six layers of 40-grade 
cheesecloth, and the four homogenates were combined. 
All of the homogenate was then centrifuged at 3,000 x 
g for 10 minutes to remove cell debris, and the super- 
natant solution was centrifuged at 14,000xg for 15 
minutes to sediment the active particles. 

The enzyme particles obtained in each experiment 
were washed using volumes of homogenizing medium 
as follows: 40 ml for fern, Douglas fir, onion, spinach, 
cabbage, morning glory, and peppermint prepara- 
tions; 20 ml for poppy, mung bean, and lettuce prep- 
arations; and 48 ml for corn preparations. Washing 
consisted of suspension in the fresh medium followed 
by resedimentation at 14,000 x g. The enzyme pre- 
cipitate was then suspended in a volume of homogen- 
izing medium sufficient to permit addition of 2 ml of 


the suspension to each Warburg flask, plus a sufficient 
amount for nitrogen determination. A loose fi:ting 
Potter-Elvehjem homogenizer was used to accomplish 
the final suspension. The amount of nitrogen in the 
enzyme preparations was determined by the semi- 
micro-Kjeldahl method. 

All solutions and plant materials were chilled to 
5° C before use, and the preparations were kept be- 
tween 0 and 5°C during all operations. The blend- 
ing was conducted in a walk-in cold room; centrifuga- 
tion was done in a refrigerated Servall centrifuge 
equipped with an angle rotcr. 

PRELIMINARY EXPERIMENTS: The amounts of 
medium and plant tissue of each species were varied 
in a number of trials to determine those amounts re- 
quired for efficient and rapid blending in 10 to 20 
seconds. Using these amounts initially, an effort was 
then made to determine the amounts of medium and 
tissue, and the length of homogenizing time which 
would give the most active particulate fraction as 
judged from the substrate-induced O, uptake in the 
Warburg flasks. This was accomplished by holding 
any two of the three variables (volume of homogen- 
izing medium, weight of plant tissue, and length of 
homogenizing time) constant and preparing particu- 
late fractions with the third variable at different 
values. The best value for the third variable was 
then determined from O, uptake data. This variable 
was then held constant and one of the other two 
factors was changed to give another set of particulate 
fractions. Again the value giving the best substrate- 
induced O. uptake was determined. This method of 
“crossing variables” was repeated twice for each of 
the three factors. By this means a fair estimate of 
the proper amounts of medium and plant material, 
and of the optimal homogenizing time, could be made. 


TABLE J 


SUMMARY OF PROCEDURES FOR HOMOGENIZING PLANT MATERIAL 











EXPT NO. FROM 


Wr T OF PLANT 


VOL OF HOMOGENIZING HOMOGENIZING 





TABLE II MATERIAL * MEDIUM * TIME ** 
gm ml sec 

Ferns 1,2 80 80 60 (10-10-10-10-10-10) 
Penne 3 50 100 60 (10-10-10-10-10-10) 
Douglas fir 7 4 50 50 35 (5-10-10-10) 
Corn 5,6 100 35 20 (10-5-5) 
Onion 7 100 25 10 (5-5) 
Spinach 8, 9 80 75 15 (5-5-5) 
Poppy 10 75 70 25 (5-10-10) 
Cabbage Il, 12, 13, 14, 16 110 55 15 (5-5-5) 
Mung bean 16, 17 80 45 6 (1-5) 
Morning glory ¢ 18 42 80 6 (1-5) 
Peppermint 19, 20 60 100 30 (10-10-10) 
Lettuce 21, 22, 23 100 25 12 (6-6) 








*In each experiment 4 homogenates were prepared using the mlionted amounts of plant material and nell um 
for each. The 4 homogenates were combined by straining them into the same container. 

** The numbers shown in parentheses following the total time of homogenization indicate the increments of 
the total time after each of which the material in the blendor was stirred and cleaned from the walls of the blendor 


jar. 


+ The Douglas fir needles and the morning glory seedlings were passed through a hand meat grinder prior to 
their introduction into the blendor. 
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These amounts and times were then used routinely to 
obtain active fractions for demonstrating substrate 
oxidation (see table I). As experience was gained 
with the blending of plant material, a reasonably good 
estimate or prediction of the best conditions could be 
made from the ease of blending and the appearance 
of the homogenates. 

CONDITIONS OF GAS MEASUREMENT: Warburg con- 
stant volume respirometers with air as the gas phase 
were used for all gas exchange measurements. The 
liquid volume in the main compartment of each flask 
was 3.2 ml; 0.2 ml of 20 % potassium hydroxide was 
added to each center well along with a small folded 
square of filter paper. The bath temperature in all 
experiments was 30° C. 

The concentrations of solutes in each flask were 
as follows: 0.004 M MgSO,; 0.0016 M MnSQ,; 0.075 
mg cytochrome ec per ml; 25 ppm terramycin; 3.2 x 
10° M Na,ATP-2H.O (adenosine triphosphate) ; 
0.625 M sucrose; 0.0625 M potassium phosphate buf- 
fer, pH 7.0; 2x 10+ M DPN (diphosphopyridine nu- 
cleotide); 2x10°M TPN (triphosphopyridine nu- 
cleotide) ; 2.6 x 10°? M GSH-Na (reduced glutathione, 
sodium salt); 1.4x10-°M TPP (thiamine pyrophos- 
phate); 0.125 mg/ml of a Co A (coenzyme A) con- 
centrate. The DPN, TPN, TPP, Co A, and ATP 
solutions were made up fresh for each experiment. 
All of the other solutions were kept frozen when not 
in use and were made up fresh every three weeks. 
The Co A concentrate was an Armour product ob- 
tained from liver and containing 13 Lipmann units 
of Co A per mg, less than 4% TPN, and less than 
7% DPN. The DPN, TPN and cytochrome ec were 
obtained from Sigma Chemical Company; the TPP, 
from Nutritional Biochemicals Corporation; the 
terramycin hydrochloride, from Charles Pfizer Com- 
pany; and the ATP and GSH-Na, from Schwarz 
Laboratories, Incorporated. 


RESULTS AND DISCUSSION 


PARTICULATE OXIDATIVE ACTIVITY OBTAINED FROM 
Piants: This work was conducted in the form of a 
survey in which readily available plants were se- 
lected from the Filicineae, Gymnospermae, and An- 
giospermae classes. Table II shows some of the re- 
sults obtained from the plants selected for study. 
Each value for O. uptake represents the average of 
results from at least two flasks unless indicated other- 
wise. More than two active enzyme preparations 
(in most cases more than 5) showing substrate effects 
were obtained from each of the species listed in table 
II, with the exception of onions and California 
poppies. 

Particulate preparations from fern (Pteris tre- 
mula), corn, spinach, cabbage, mung bean, and let- 
tuce caused a large increase in Og uptake when any 
one of a number of the TCA cycle intermediates was 
added to the medium (table II). With each of these 
six plant preparations the O, uptake induced by the 
combination of pyruvate with a four-carbon acid was 
greater than the sum of the O, uptakes induced by 


pyruvate alone and the four-carbon acid alone. This 
gave a good indication that the condensing enzyme of 
the TCA cycle was operating. Catalysis of endog- 
enous oxidation, by addition of TCA cycle members, 
could account for portions of the substrate effects ob- 
served. This would, of course, introduce some error 
into the calculations of the extent of oxidation of 
added substrates. However, the large amounts of O. 
uptake, induced by the several intermediates involved 
in the main oxidative steps of the cycle, strongly sug- 
gest that the added substrates were actually oxidized 
via the TCA cycle in the six plant preparations. 

The Os uptake activities obtained with particles 
from fern (Azolla filiculoides), Douglas fir, onion, 
poppy, morning glory (seedlings) and peppermint, 
though not convincing, are at least suggestive evi- 
dence for the operation of the TCA eycle in these 
plant preparations. 

A number of preparations were made from green 
leaves of mature calla lily and morning glory plants. 
The preparations from calla lily leaves were inactive, 
and those from morning glory leaves had only slight 
activity. The homogenates from the green leaves of 
these two species were highly viscous, and the high 
viscosity was probably caused by the presence of 
large amounts of polysaccharide-like materials. It 
was observed also that the chloroplast fraction sedi- 
mented at much higher speeds in these viscous homog- 
enates than was the case in suspensions of lower vis- 
cosity. Therefore, it is highly possible that the low 
activities observed with these lily and morning glory 
preparations were caused by failure of mitochondria 
to sediment from the highly viscous homogenates 
obtained. 

Rather long incubation periods were used in all 
of the O, uptake experiments reported in table II, 
the stability of the subcell particles from many of 
the species being surprisingly good. The long incu- 
bation periods were required to obtain the high per- 
centage oxidation of substrates desired in these ex- 
periments. Higher rates can be obtained and shorter 
incubation times can be permitted by using larger 
amounts of plant particulate material in the Warburg 
flasks. This was not practiced, however, because of 
the limited centrifuge capacity and the number of 
substrates and other variables that needed to be com- 
pared within a given experiment. 

Beaudreau and Remmert (3) reported that long 
incubation periods, similar to those compared in this 
work, resulted in a pronounced bacterial growth and 
an increasing rate of “endogenous” O, uptake. They 
recommended the use of terramycin to overcome this 
bacterial O. uptake. In each of the experiments re- 
ported here, terramycin was used and the O, uptake 
data were plotted to see if an increase in rate oc- 
curred after prolonged incubation. In no instance 
did bacterial contamination appear to contribute to 
the effects measured. 

Many of the particulate preparations were ob- 
tained from green leaf tissues (see table II). The 
particulate precipitates obtained from such tissues 








TABLE II 


OxyYGeEN UPTAKE CATALYZED BY SUBCELL PARTICLES FROM PLANTS 








PLANT SPECIES, 


SUBSTRATE USED AND 


Tora O, UPTAKE 




























































* All preparations were made from actively photosynthesizing stem and 
Nitrogen values indicate the mg of nitrogen contained in the 2 ml of particulate preparation added to each Warburg 
flask within a given experiment. 


leaf tissue unless indicated otherwise. 


EXPT. NO. LENGTH OF EXPERIMENT, ‘ ABOVE OXIDATION ** loo(N) 4% 
NITROGEN * a ENDOGENOUS Qoal 
micromoles ul %o 
FILICINEAE 
1 Fern 
Pteris tremula Pyruvate 20 268 24 31 
10 hrs Malate 10 351 52 16 
2.0 mg N Malate 10, pyruvate 20 977 55 104 
a-Ketoglutarate 10 592 66 128 
Endogenous 246 
2 Fern 
Pteris tremula Succinate 10 403 7 517 56 
6.5 hrs Citrate 40 1025 7 25 7 86 
239 mg N Malate 40 580 22 49 
Endogenous 227 nce 
3 Duckweed fern 
Azolla filiculoides Citrate 30 72 2 
2 hrs Succinate 30 95 4 
3.67 mg N Malate 30 77 4 
a-Ketoglutarate 30 39 1 
Endogenous 135 
GYMNOSPERMAE 
4 Douglas Fir 
Pseudotsuga menziesii Citrate 10 43 + 47 
5 hrs Endogenous 333 .. 
ANGIOSPERMAE 
5 Corn 
Zea Mays Citrate 20 513 7 257 105 
Etiolated seedlings Citrate 30 637 + 217 184 
7.5 hrs Succinate 30 436 19 22: 
160 mg N a-Ketoglutarate 30 298 11 54 
Malate 30 128 6 49 
Endogenous 264 ' 
6 Corn 
Zea Mays Pyruvate 20 32 3 
Etiolated seedlings Pyruvate 20, malate 5 185 13 
8.5 hrs Malate 5 64 19 
Endogenous 207 
7 Onion 
Allium sp. Malate 10 527 St 15 
White bulbs Succinate 10 141 7 18 f 25 
9.5 hrs a-Ketoglutarate 10 47 5 9 
0.82 mg N Citrate 10 797 87 13 
Endogenous SS : orice 
8 Spinach 
Spinacia oleracea Succinate 10 467 60 95 
7 hrs Citrate 10 606 60 68 
1.75 mg N Succinate 10, pyruvate 20 599 31 112 
Pyruvate 20 52 5 9 
Endogenous 170 
9 Spinach 
Spinacia oleracea Citrate 10 215 21 25 
4 hrs Succinate 10 218 28 69 
2.46 mg N a-Ketoglutarate 10 197 22 45 
Malate 10 126 19 30 
Endogenous 211 
10 California poppy 
Eschscholzia californica Citrate 10 26 + 3f 
2 hrs Succinate 10 52 7 
1.70 mg N a-Ketoglutarate 10 16 2 
Malate 10 7? 1f 
Endogenous 51 ‘ 
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Expt. NO. 


TABLE II (continued) 








PLANT SPECIES, 


LENGTH OF EXPERIMENT, 


NITROGEN * 


SUBSTRATE USED AND 
AMT ADDED 


Tora O: UPTAKE 


ABOVE 


ENDOGENOUS 





17 


19 


to 
i) 


micromoles 


ANGIOSPERMAE (continued) 


Cabbage (heads) 
Brassica oleracea 
6.5 hrs 
0.50 mg N 

Cabbage (heads) 
Brassica oleracea 
8.5 hrs 
0.96 mg N 


Cabbage (heads) 
Brassica oleracea 
5.5 hrs 

Cabbage (heads) 
Brassica oleracea 
5.2 hrs 

Cabbage (heads) +7 
Brassica oleracea 
6.5 hrs 
0.2 mg N 

Mung bean 
Phaseolus aureus 
Etiolated seedlings 
6 hrs 
0.59 mg N 


Mung bean 
Phaseolus aureus 
Etiolated seedlings 
6 hrs 
0.95 mg N 


Morning glory 
Convolvulus sp. 
Etiolated seedlings 
7 hrs 
3.4 mg N 

Peppermint 
Mentha piperita 
2 hrs 
1.95 mg N 

Peppermint 
i piperita 

rs 


2.77 mg N 


Lettuce (heads) 
Lactuca sativa 
6.5 hrs 
0.64 mg N 

Lettuce (heads) 
Lactuca sativa 
8 hrs 

Lettuce (heads) 
Lactuca sativa 


7.5 hrs 


Citrate 10 
Endogenous 


Malate 10 

Malate 10, pyruvate 20 
Pyruvate 20 
Endogenous 


Succinate 10 
Endogenous 


a-Ketoglutarate 10 
Endogenous 


Citrate 10 
Endogenous 


Citrate 10 

Succinate 5 

Succinate 5, pyruvate 20 
Pyruvate 20 
Endogenous 


Succinate 10 
Citrate 10 

Malate 10 
a-Ketoglutarate 10 
Endogenous 


Citrate 10 
a-Ketoglutarate 10 
Endogenous 


Citrate 10 
Succinate 10 
Endogenous 


Succinate 10 
Citrate 10 
a-Ketoglutarate 10 
Endogenous 


Malate 10 
a-Ketoglutarate 10 
Endogenous 


Citrate 10 
Endogenous 


Succinate 10 
Pyruvate 20 
Succinate 10, pyruvate 20 
Endogenous 





** The percentage oxidation was calculated by dividing the microliters (ul) of Os theoretically required for 
complete oxidation of the substrate into the total substrate-induced O. uptake measured. 


ul 


1007 
128 


665 
963 


157 


led 


220 
171 
32 f 
142 


441 


217 














Ox1paTION ** ~—_ Qo, (N) *** 

% 

100 836 
99 169 
54 349 

3 12 
99 

83 
75 1020 
22 73 
24 34 
11 76 

ST 7 
56 200 
21 54 
59 116 
49 158 
19 

6 

3 

2 
18 

1 
15 
38 37 
30 86 
57 
68 

6 


51 


Where two substrates 


were added together, the calculations are based upon the Os» required for complete oxidation of both substrates. 


*** Microliters of O2 uptake (above endogenous) per mg of nitrogen per hr, calculated for the first 30 min of 


incubation. 


* One flask only. 


++ The standard method for obtaining the subcell particles was modified in that the cabbage was passed thru 
a meat grinder prior to blending in the usual manner. 
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were usually green in color, indicating the presence 
of some chloroplasts or chloroplast fragments in ad- 
dition to mitochondria. That particles catalyzing the 
TCA cycle can be obtained from green leaves is con- 
trary to what was observed by Brummond and 
Burris (4) with lupine particulate preparations. 
These workers found that only a-ketoglutarate was 
oxidized by particulate preparations from green lu- 
pine leaves, and even this reaction occurred at a slow 
rate. No substrate response was obtained from TCA 
cycle members with particles from photosynthesizing 
lupine cotyledons. In the work reported here it was 
found that young cabbage seedlings, which had been 
grown in the light, contained a rather large amount 
of fibrous material which interfered considerably with 
the homogenization. The fraction obtained after the 
high speed centrifugation was not homogeneous; mi- 
croscopic examination revealed the presence of small 
irregular fragments of fibrous material. The usual 
preparations, made from heads of cabbage (tissue 
partially etiolated), appeared to be homogeneous sus- 
pensions of very fine particles which were just visible 
under oil immersion magnification. Active particu- 
late preparations could be obtained from young photo- 
synthesizing cabbage seedlings when only succulent 
nonfibrous tissue was used; preparations from highly 
fibrous tissues (from seedlings exposed to high light 
intensity) generally had little or no activity. 

Rate Comparison: Table II (last column) shows 
some of the rates found with various plant prepara- 
tions during the first 30 minutes of incubation. It 
will be noted that the highest Qo, (N) values were 
obtained with particulate preparations from cabbage 
(experiments 11 and 15). Other Qo, (N) values 
given in the table, though low when compared to 
those for cabbage particles, are of the same order of 
magnitude as some rates reported in the literature for 
animal preparations (9, 17, 18). It is very probable 
that the rates shown in table II were not the maxi- 
mum ones obtainable with the preparations involved. 
Low substrate concentrations, which were conducive 
to low Qo. (N) values, were commonly employed in 
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this study in an effort to demonstrate high perventage 
oxidation of the substrates added. 

A few Qo, (N) values reported by other workers 
are recorded in table III together with the highest 
rate obtained with cabbage particles. Calculations 
were necessary to put these values on a comparable 
basis. It is apparent that the highest rate of 0, up- 
take obtained in this study compares favorably with 
rates reported by other workers for both animals and 
plants. It is interesting to note that the O, uptake 
rates occurring generally in plant particulate prepara- 
tions are as high as those reported for animal par- 
ticulate preparations, when substrate concentrations 
and incubation temperatures are taken into account. 

The highest Qo, (N) value for which the sub- 
strate concentration was stated by Millerd (13) for 
particulate preparations from mung beans was 262. 
Millerd used 0.02 M succinate to obtain this value. 
The higher Qo, (N) values obtained in this study for 
mung bean particles were between 100 and 200 with 
substrate concentrations of 0.0031M (table II). 
When considering only the rate of O. uptake one 
can conclude that mung bean particulate preparations 
obtained by using the blendor are comparable to those 
obtained by Millerd using sand with a mortar and 
pestle. 

NATURE OF THE ENDOGENOUS METABOLISM: An 
endogenous O, uptake was found with every plant 
particulate preparation reported in table II. Al- 
though the nature of this endogenous metabolism was 
not determined, three possible explanations appear 
worthy of consideration, namely: that the particles 
had not been washed completely free of endogenous 
TCA cycle intermediates, that the particles catalyze 
oxidative reactions on material other than TCA cycle 
intermediates, and that other oxidative enzymes not 
associated with the particles were present in the 
preparations. 

That the endogenous O, uptake was probably not 
caused entirely by contamination with TCA cycle 
intermediates is indicated by the results of experi- 
ments in which attempts were made to reduce the 


TABLE III 


Qo,(N) VAtues For VARIOUS PARTICULATE PREPARATIONS 











TYPE OF PREP SUBSTRATE AND ITS CONC TEMPERATURE Qo.(N) REF 
molarity deg C 
Guinea pig heart muscle Succinate 0.0067 30 550 (17) 
mitochondria 
Rat heart muscle sarcosomes a-Ketoglutarate 0.007 25 312 (18) 
Rat liver particles Succinate 0.033 to 0.067 38 2120 (9) 
Mung bean hypocotyl] particles Succinate (not given) 30 773 (13) 
Black Valentine bean hypocotyl Succinate 0.0150 30 565 (2) 
particles Succinate 0.0094 30 364 
Citrate 0.0094 30 338 
Cauliflower bud particles Succinate 0.02 30 566 (11) 
a-Ketoglutarate 0.02 30 1440 
Arum maculatum spadix particles Succinate 0.02 30 818 (8) 
a-Ketoglutarate 0.02 30 2140 
Cabbage particles Citrate 0.0031 (Table II) 
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endogenous metabolism by more thorough washing 
of the particles. In one experiment particles from 
lettuce were washed with four times the usual vol- 
ume of homogenizing medium. This treatment re- 
sulted in only a 7% reduction of the endogenous 
metabolism obtained after the usual washing pro- 
cedure. In another experiment, when cabbage par- 
ticles were subjected to four separate washings, the 
endogenous respiration was apparently reduced by 
approximately 20% as compared to that obtained 
with particles washed once. Dialysis of cabbage par- 
ticles for 24 hours also failed to lower the endogenous 
O, uptake appreciably. Such results would appear 
to indicate that the endogenous O, uptake could not 
arise solely from TCA cycle intermediates, since these 
should diffuse readily into the washing medium. 

It is reasonable to speculate that the endogenous 
O. uptake might arise from the metabolism of hexoses 
or sucrose or from lipoxidase activity (7), either by 
enzymes in the subcell particles or by soluble en- 
zymes contaminating the preparations. With refer- 
ence to the hexoses, it was observed that when photo- 
synthesizing tissues were used a large amount of 
starch invariably sedimented during the low speed 
centrifugation. While this low speed fraction was 
discarded, it is possible that small starch granules 
remained in the supernatant fluid to be sedimented 
with the active particles. If such were the case, the 
starch might be slowly converted to hexoses or hexose 
phosphates, and these might be metabolized by way 
of certain pentose conversions (1) or the pentose 
cycle. With reference to sucrose, the particles were 
prepared and incubated with large amounts of sucrose 
constantly present in the medium. Therefore, any 
enzyme or system capable of causing sucrose oxida- 
tion would have ample substrate and could contribute 
to the endogenous O, uptake observed. 

Preliminary experiments were conducted to obtain 
some indication as to the nature of the endogenous 
metabolism. Cabbage preparations made with man- 
nitol substituted for sucrose in the wash and incuba- 
tion media had lowered rates of endogenous metabo- 
lism but also appeared to oxidize TCA cycle inter- 
mediates at slower rates. In separate experiments, 
no increase in Oy uptake was obtained upon adding 
glucose-1-phosphate, fructose-6-phosphate, fructose 
diphosphate, phosphoglyceric acid, or the potassium 
salts of butyric, linoleic, and palmitic acids. How- 
ever, an appreciable substrate response was obtained 
when soybean lecithin was added to the incubation 
medium containing particles from cabbage. Further 
studies are required to permit an interpretation of 
these preliminary experiments and to determine the 
nature of the endogenous metabolism in these prep- 
arations, 


SUMMARY 


The data presented indicate that the reactions of 
the Krebs tricarboxylic acid cycle are catalyzed by 
subeell particles which may be obtained from fern 


(Pteris tremula), cabbage, lettuce, corn, spinach and 
mung bean tissues. Definite but less conclusive evi- 
dence is given for catalysis of these reactions by par- 
ticles from onion, poppy, morning glory, fern (Azolla 
filiculoides), and peppermint tissues. Two of the 
three highest classes of the plant kingdom are repre- 
sented by the eleven species mentioned. 

Active particles were obtained from the young, 
photosynthesizing tissues of certain species, namely, 
fern, spinach, lettuce, cabbage, poppy, morning glory 
and peppermint. 

High percentages of added substrates were appar- 
ently oxidized in the presence of some of the prepa- 
rations. The rates of oxygen uptake obtained with 
particles from cabbage tissues are similar to those re- 
ported for subcell particles from animal tissues, when 
the results are compared on a nitrogen basis. 
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EFFECTS OF A SERIES OF CYCLES OF ALTERNATING LOW AND HIGH 
SOIL WATER CONTENTS ON THE RATE OF APPARENT 
PHOTOSYNTHESIS IN SUGAR CANE? ?3 


FLOYD M. ASHTON 4 
EXPERIMENT STATION, HAWAIIAN SuGar PLANTERS’ AssociaATION, HonoLtutu, HAwall AND 
DEPARTMENT OF BoTANY AND PLANT PaTHOLoGy, THE OHIO STATE UNIVERSITY, 
Cotumsus, OHIO 


It has long been recognized that water is one of 
the reactants in photosynthesis, although of the total 
quantity of water absorbed by a plant only a very 
small percentage is utilized directly in this process. 
It is commonly estimated that less than one percent 
of the water which passes into a plant is utilized 
chemically in photosynthesis (17). Because of the 
small proportion of the water absorbed which is used 
directly in photosynthesis, it is generally considered 
that internal water deficits in the plant affect the rate 
of photosynthesis primarily in indirect ways. Their 
usually retarding effects on this process have been 
attributed mostly either to stomatal closure and to 
reduced hydration of the protoplasm in chlorenchy- 
matous cells, or to a combination of these two effects. 

The effect of moisture deficits in plants on the rate 
of photosynthesis has been investigated by many 
workers and the early work is thoroughly reviewed by 
Miller (18). Thoday (22) reported that turgid leaves 
of Helianthus annuus L. carried on photosynthesis ten 
times more rapidly than wilted leaves. Ijin (13) 
found that when the water content of the leaves of 
Bidens tripartita L. was reduced 43 to 44 %, the rate 
of photosynthesis decreased from 53 to 78 %; and in 
the leaves of Phlomis pungens Willd., a water loss of 
34 % caused a reduction of 13 % in the rate of photo- 
synthesis. Iljin also reported that recovery of the 
original rate of photosynthesis lagged behind the re- 
gain of turgor. 

Brilliant (6), using leaves of Hedera Helix L. and 
Impatiens parviflora Bedd., observed that photosyn- 
thesis almost stopped when leaf moisture was reduced 
41 to 63%. Schneider and Childers *(20) studied 
photosynthesis of single leaves of apple trees under 
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an increasing soil moisture stress and reported that 
before wilting of the leaves was evident, the rate of 
photosynthesis was reduced 55%. When the plants 
showed definite wilting, there was an 87 % reduction 
in the rate of photosynthesis. When water was ap- 
plied to the soil, in which the wilted plants were grow- 
ing, the leaves usually attained turgidity within 3 to 
5 hours. The rate of photosynthesis, however, did not 
regain its original magnitude until 2 to 7 days after 
watering. In general, workers have found that any 
considerable fluctuation in leaf moisture is almost im- 
mediately reflected in the rate of photosynthesis. 
Greater than an approximately 30 % reduction in the 
water of leaves usually results in a decrease in the 
rate of photosynthesis; the greater the reduction in 
leaf moisture, the greater the reduction in the rate of 
photosynthesis. When the leaf moisture is decreased 
to approximately 60% of its maximum value, the 
rate of photosynthesis is near zero. 

Kozlowski (14) using seedlings of loblolly pine 
(Pinus taeda L.) and white oak (Quercus alba L.) 
reported that as the soil moisture decreased the rate 
of photosynthesis of pine decreased more rapidly than 
that of oak. At high light intensities there was no 
reduction in the rate of photosynthesis over a con- 
siderable range of soil moisture for oak. 

Bordeau (3) reported that with sweetgum (Liquid- 
ambar Styraciflua L.) the rate of photosynthesis de- 
clined slowly at first and then rapidly as the soil 
moisture decreased. 

Borman’s (2) data indicates that with northern 
red oak (Quercus borealis Michx. f.) and blackjack 
oak (Quercus marilandica Muenchh.) seedlings the 
ate of photosynthesis decreased at a much more uni- 
form rate as the availability of the soil moisture 
decreased. 

Loustalot (16) studied photosynthesis of single 
leaves of pecan (Carya illinoenis K. Koch; syn., C. 
Pecan) trees under an increasing soil moisture stress 
and reported that either deficient or excessive (flood- 
ing) amounts of soil moisture resulted in sub-normal 
rates of photosynthesis and transpiration. The degree 
of depression of the rates depended upon the severity 
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and duration of the adverse soil condition and upon 
the atmospheric conditions. The plants were rooted 
in a soil which had a field capacity of 29% and a 
permanent wilting percentage of 12%. <A decrease in 
the rate of photosynthesis was first noted in the after- 
noon of the eighth day after the last irrigation when 
the soil moisture had decreased to 18%. Recovery 
of the original rate of photosynthesis after irrigation 
was rapid (2 days) for the morning rate of photosyn- 
thesis, but the afternoon rate of photosynthesis did 
not reach its original rate until 6 days after irrigation. 

Hartt (7, 8, 9) in her studies with sugar cane, 
concluded that photosynthesis occurs in plants rooted 
in soil with the water content at or below the perma- 
nent wilting percentage, but the rate of photosynthe- 
sis is much less than in plants adequately supplied 
with water. 

The purpose of this work is to study the effects of 
a series of cycles of alternating low and high soil water 
content on the rate of photosynthesis. Hartt (7, 8,9), 
Loustalot (16), and Schneider and Childers (20) have 
studied the rate of photosynthesis as affected by soil 
moisture through only one such cycle. That is, they 
started with a plant rooted in soil with a water con- 
tent at the field capacity, allowed the soil to dry to 
the permanent wilting percentage, and then added 
water to the soil to raise the water content back to 
field capacity. The rate of photosynthesis was meas- 
ured throughout the cycle. In this study a cycle was 
repeated 5 times over a period of 71 days and the 
effect on the rate of photosynthesis investigated. Such 
a series of cycles of alternating low and high soil water 
contents resembles soil moisture conditions prevailing 
in nature and under agricultural conditions. Most 
plants growing under natural conditions or as agricul- 
tural crops are watered periodically during a growing 
season, either by natural rainfall or by irrigation. 
Frequently between waterings soil moisture stresses 
become severe and limit photosynthesis. This is par- 
ticularly true in irrigated agricultural areas where the 
amount of water available is limited. It, therefore, 
appears desirable to know the effect of a series of 
eycles of alternating low and high soil water contents 
on the rate of photosynthesis as measured under ex- 
perimental conditions. Such information should aid 
in the interpretation of the behavior of plants under 
natural or agricultural conditions. 


MetTHODS AND MATERIALS 


The shoots of two similar potted sugar cane (Sac- 
charum officinarum L., var. 37-1933) plants ap- 
proximately one year of age were placed in the 
photosynthetic chambers (fig 1). These plants were 
approximately 8 feet tall and had 11 leaves each at 
the beginning of the experiment. Each leaf had an 
area of about 400 square centimeters and each plant 
had a total leaf area of about 4400 square centimeters 
throughout the experiment with new leaves appearing 
and old leaves dying. One of the two plants was 
allowed to go through a series of 5 cycles of alternat- 
ing low and high soil water contents; the other plant 





ASHTON—SOIL WATER ON 









PHOTOSYNTHESIS 














Fig. 1. 


Photosynthetic chambers as seen in side view. 


was maintained continuously at a high soil water con- 
tent and was used as a control plant. A cycle con- 
sisted of 7 days of high soil water content maintained 
by daily irrigations, followed by a drying period dur- 
ing which the soil dried to the permanent wilting per- 
centage. There was no irrigation of the treated plant 
during this period which was of 6 to 8 days duration, 
depending on environmental conditions. The high soil 
water content was maintained by saturating the soil 
with water daily at 3:30 P.M., and the low soil water 
content was approximately the permanent wilting 
percentage. Measurements were made of the rate of 
photosynthesis, the soil water content, and the COs 
concentration of the air. The term, photosynthesis, as 
used throughout this paper refers to apparent photo- 
synthesis, i.e., to photosynthesis minus respiration. 
The soil used was Manoa, a loam soil of volcanic 
origin, which had previously been air dried, screened 
through a one-eighth-inch mesh screen. Sixteen-inch 
pots were filled with the soil to a depth of 10 inches. 
A single-eye seed piece of sugar cane was planted at 
a two-inch depth in each pot of soil. The year pre- 
ceding the photosynthesis study, the soil was fertilized 
to prevent mineral element deficiencies and a high soil 
water content was maintained by a daily watering. 
The photosynthesis measurements were made 
batchwise in contrast to a method of continuous air 
flow. Most experimenters (1, 10, 11, 16, 20, 23) in 
the past have used a continuous flow of air through 
the photosynthesis chambers. In a batch method, the 
atmospheric air is drawn into the photosynthetic 
chamber in sufficient volume to displace all residual 
air with fresh air of atmospheric CO. content, it is 
allowed to remain there for a given period of time. 
After this period a sample of the air in the photosyn- 
thetic chamber is analyzed for COy. The decrease in 
the CO, content of the atmospheric air represents the 
amount of CO, removed from the air in photosynthe- 
sis. The length of the photosynthetic period varies 
with the size of the photosynthetic chamber, the rate 
of photosynthesis, and the total leaf area. In this 
investigation each photosynthetic period was 13 min- 
utes long. The advantage of the batch method of 





measuring photosynthesis is that the rates of air flow 
do not have to be measured. Precise measurements 
of the rates of air flow for the large volumes of air 
required for a plant of this size are very difficult. 
Wet test meters do not have sufficient capacity to be 
used for such a purpose. Some investigators (10, 22) 
have used anemometers for the measurement of flow 
rates of large volumes of air through photosynthetic 
chambers. It is the opinion of the author that greater 
precision in the measurement of the rate of photo- 
synthesis of large plants can be obtained by using the 
batch method for measuring the rate of photosynthe- 
sis than by using a continuous flow of air through the 
chambers. 

Each cycle was started by drawing adequate at- 
mospheric air through the chambers for 1 minute to 
completely remove all residual air. The air entered 
through port A (fig 2), flowed into the photosynthetic 
chamber via ports GG ..., and across the chamber, 
exiting via ports GG ... and port B which was con- 
nected to the blower. The hinged flutter valves FF 
were opened by the force of the air stream and closed 
by their own weight when the air stream stopped. 
After 1 minute the movement of air through the 
chambers was stopped and the photosynthetic period 
started. Fourteen minutes after the start of the cycle 
the atmospheric air was again drawn through the 
chambers for 1 minute in adequate volume to com- 
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Fic. 2. Cross-sectional diagram of photosynthetic 
chamber. 
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pletely remove all residual air, thus completing one 
photosynthetic period and starting the next. There 
was no entry of air into the photosynthetic chanibers 
during the photosynthetic period. The movement: of 
air through the chambers during these one-minute 
blow-out periods was accomplished by a blower rated 
at a capacity of 935 ft?/min of free air flow. The 
internal dimensions of each photosynthetic chamber 
were 72 x 72 x 4 inches and its total volume was 12 ft’. 
The air in each chamber was continuously recirculated 
by a fan (C) which blew the air through a heat ex- 
changer (D) which cooled the air and prevented ex- 
cessive temperatures. Cold water (38 to 40° F) was 
continuously circulated through the heat exchangers. 
Measurements of the rate of air flow through the heat 
exchangers were made and from these figures it was 
calculated that the air in each chamber was com- 
pletely recirculated every 2 minutes. The maximum 
temperature in the chambers never exceeded 40° C at 
the end of the photosynthetic period. The minimum 
temperature in the chambers at the beginning of the 
photosynthetic period was the same as the outside air. 
These temperatures did not visually appear to damage 
the plants. 

A measurement of the CO, concentration of the 
air in each chamber was made every half hour from 
one hour before sunrise to one hour after sunset. 
Measurements of the CO, concentration of the atmos- 
pherie air and of the CO.-free air were also made 
every half hour. COv,-free air was prepared by pass- 
ing atmospheric air through a 4-ft glass tube filled 
with soda lime. The air sample from the photosyn- 
thetic chambers was collected during a 5-minute period 
starting 9 minutes after flushing by the blower. The 
first 3 minutes of air flow was required for washing 
out the previous sample from the sampling tubes and 
instrument absorption cell so that only the latter por- 
tion of the 4-minute fraction of the air sample was 
used for CO, analysis. The 4-minute part of the air 
sample remained in the absorption cell of the spectro- 
photometer for 5 minutes and was used to determine 
the CO, concentration of the air from which the rate 
of photosynthesis was calculated. This air sample 
represented the air which had been in the photosyn- 
thetic chambers for 13 minutes. The 4- to 5-minute 
part of the air sample remained in the sampling tubes 
and was washed out by the next sample. 

The sampling system was automatically controlled 
by a cycle timer and solenoid valves. A time clock 
turned the apparatus on one hour before sunrise and 
off one hour after sunset. The air samples were pulled 
from the chambers and pushed through the spectro- 
photometer by an air pump. 

The CO, concentrations of the various air streams 
were measured by passing the dry air stream through 
the monochromator section of a Beckman Infrared 
Spectrophotometer (Model IR-2) and were continu- 
ously recorded on a 50-mv Brown Electronic Re- 
corder. The air was dried before passing through the 
spectrophotometer by passing it through 4-ft tubes of 
indicating silicagel; these were recharged daily. The 
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Fic. 3. Physical arrangement of the equipment for 
soil moisture measurements. A.—Radioactive source; 
B—Geiger tube; C—Electrical cable to scaler; D—Band 
of soil measured. 


drying of the air was necessary to prevent damage to 
the rock salt optics of the instrument. The wave 
length of infrared radiation used was 4.27 yp. The 
instrument was calibrated by passing air of a known 
CO. concentration through it. This air of known CO, 
concentration was prepared by the addition of a pure 
CO. stream to a CO,-free air stream. The flow rates 
of these two streams were determined by capillary 
manometric flowmeters which were built and cali- 
brated for this purpose. The CO, was removed from 
the air by passing it through a 4-ft tube of soda lime. 
There was a linear relationship between the optical 
density and the carbon dioxide concentration from 
0.00 to 0.05% by volume under these conditions. 
This is in accordance with Beer’s law. 

In several parts of this paper a value for the per- 
cent of full photosynthesis is expressed. This is a 
calculated value derived by considering the CO, 
utilization of the plant growing in the soil subjected 
to a series of cycles of alternating low and high soil 
water contents as a percent of the CO, utilization of 
the plant which was continuously at a high soil water 
content. At the beginning of the experiment the plant 
subjected to a series of cycles of alternating low and 
high soil water contents had a slightly higher rate of 
photosynthesis than the plant maintained at a high 
soil water content. The rate of photosynthesis of the 
former plant was then corrected by multiplying by 
a factor of 0.985 which was calculated from the data 
of the first 8 days of the experiment when both plants 
were under high soil moisture conditions. 

The method of Burr (Burr, G. O. Personal com- 
munication. 1953.) for the measurement of soil mois- 
ture was adapted to this study. In this method a 
radiation technique of measuring density is used. The 
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basic principle involved is that the fraction of radia- 
tion absorbed in passing through a layer of matter is 


proportional to the density. Changes in the density 
of Manoa soil under the conditions of this experiment 
resulted almost exclusively from changes in the mois- 
ture content; therefore, this technique was satisfac- 
tory for determining soil moisture in this investigation. 
This method is believed to be superior to any other 
method now available because it is accurate through 
the entire soil moisture range. The physical arrange- 
ment of the equipment is illustrated in figure 3. Two 
plastic pipes, 1 inch and 1.5 inches inside diameter 
respectively, and 12 inches long, were placed verti- 
cally in the soil 8.75 inches apart. These pipes ex- 
tended from the bottom of the pots to above the soil 
surface. The bottoms of these pipes were plugged 
with rubber stoppers to prevent water from entering. 
When measurements were not being made, the tops 
of these pipes were also stoppered to prevent extrane- 
ous materials from falling in. Cesium 137—Barium 137 
was used as a source of gamma rays and placed at the 
desirable height in the 1-inch pipe during the determi- 
nation. A Geiger Tube was placed in the 1.5-inch 
pipe at a corresponding height and the electrical leads 
from the tube plugged into a scaling circuit. 

The Cesium 137-—Barium 137 was obtained from 
the Atomic Energy Commission at Oak Ridge as the 
chloride in aqueous solution. One-fourth of a milli- 
curie was diluted and sealed in a short piece of Tygon 
tubing with glass plugs. The plastic tubing was 
placed in an 18-inch piece of aluminum tubing. The 
length of this gamma ray source was 2.5 inches. This 
is the same length as the Geiger tube which received 
the radiation. This arrangement allowed a soil mois- 
ture determination on a band of soil through the 
center of the pot. All counts were of 5-minute dura- 
tion, including a background and a standard before 
and after each series of measurements. The quantity 
of cesium selected yielded a sufficient number of 
counts under these conditions to give a counting error 
of not more than + 1%. Excessively high amounts 
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of cesium were avoided to prevent harmful radiation 
levels to the plant, overloading the scaling circuit, and 
personal danger in handling. A calibration curve was 
drawn by plotting counts per minute against percent 
moisture (fig 4). The percent moisture for this cali- 
bration curve was determined by measuring soil sam- 
ples from the pots at various soil water contents and 
oven drying the samples to a constant weight at 
105° C. 

The permanent wilting percentage of this soil was 
24.7 % moisture on a basis of dry weight. This was 
measured by using sunflower as the test plant and 
determining the percent of moisture in the soil when 
the lowest pair of leaves had wilted and failed to 
recover turgidity after being kept in a saturated at- 
mosphere overnight (5, 12). The percent moisture in 
the soil was measured by oven drying to a constant 
weight at 105°C. Permanent wilting percentages 
were also determined physiologically each time the soil 
reached this point during the experiment by having 
two sunflower plants growing in each pot with the 
sugar cane and confining a saturated atmosphere 
about the sunflower plants with a suitable chamber 
overnight whenever the sunflowers had wilted during 
the day. If the sunflower plants recovered turgidity 
under these conditions the soil had not reached the 
permanent wilting percentage. This procedure was 
used as a check on the soil moisture value as measured 
by the radiation method at this critical point of the 
drying cycle; the two methods were always in agree- 
ment in indicating when the soil should be irrigated. 

The saturation capacity of the soil was 59.4% 
moisture on dry weight basis. This was measured by 
placing a 12-inch column of air-dried soil in a glass 
tube, 1.5 inches in diameter. The bottom of this tube 
was closed with a one-hole rubber stopper. A small 
piece of glass wool was placed on top of this stopper 
to prevent the soil from falling out of the bottom. 
The amount of water which was added to this column 
of soil was more than enough to saturate it and the 
excess water drained through the glass wool and the 
stopper. The column of soil was allowed to drain for 
72 hours before determining the percent moisture in 
the soil by oven drying to a constant weight at 105° C. 

The field capacity of the soil was 40.7 % on a dry 
weight basis. This quantity was measured by a tech- 
nique similar to that for saturation capacity except 
that the amount of water which was added to this 
column of soil was just enough to bring the top two- 
thirds of the column to field capacity; the ‘soil in the 
lower part of the tube remained dry. This column of 
soil was undisturbed for 72 hours before determining 
the percent moisture in the upper two-thirds of the 
soil column by oven drying to a constant weight at 
105° C (19, 21). 

The moisture equivalent of the soil was 29.3 % on 
a dry weight basis. This was measured by determin- 
ing the percent moisture in the soil by oven drying 
it to a constant weight at 105° C after the soil had 
been previously saturated with water and centrifuged 
at a force of one thousand times gravity for 30 min- 
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Fic. 5. Rates of photosynthesis and percentage soil 
moistures during 5 drying cycles. 


utes (4). In many kinds of soils the field capacity 
and moisture equivalent are approximately equal in 
value. This is not true of Manoa soil, probably be- 
cause of its coarse texture (15). 

The data presented in this paper represent the 
results of a single experiment. Similar results were 
obtained in three other experiments performed in 
similar fashion. 


EXPERIMENTAL RESULTS 


GENERAL: A decrease in the rate of photosynthesis 
of a plant occurs when the amount of moisture in a 
soil in which that plant is rooted decreases from the 
maximum water holding capacity to the permanent 
wilting percentage. The rate of photosynthesis does 
not decrease at a uniform rate during this drying-out 
period. The original rate of photosynthesis is main- 
tained until a significant soil moisture stress develops 
somewhere between field capacity and permanent 
wilting percentage and then decreases, approaching 
zero at the permanent wilting percentage. Several 
days pass after an irrigation before the plant regains 
the original rate of photosynthesis. This information 
has been known for some time from the investigations 
of Schneider and Childers (20) who worked with 
young apple trees, and Loustalot (16) who worked 
with young pecan trees. 

During the present investigation these facts were 
substantiated (fig 5). The daily cumulative rate of 
photosynthesis was calculated by the summation of 
the rates of photosynthesis of the sixteen individual 
30-minute photosynthetic periods, from 8:00 A.M. to 
4:00 P.M. The rate of photosynthesis of each indi- 
vidual photosynthetic period was calculated by sub- 
tracting the CO, concentration (% by volume) of the 
air in the photosynthetic chambers at the end of the 
photosynthetic period from the CO. concentration of 
the atmospheric air measured during the same 30- 
minute period. The resulting concentration of CO. 
was converted to gms of CO, uptake per photosyn- 
thetic period per plant. The following formula was 
used for the calculation: 


M =ACx Vx 1.977 x 2.308 
M = gms CO, uptake/30 min. 


AC = initial cone of CO. minus final cone of CO: 
(COs cone expressed as % by vol). 
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V =vol of chamber in liters. 
1.977 =density of COz (gms/1, S.T.P.). 
2308 = ratio, 30-min cycle/13-min photosynthetic 
period. 


\ decrease in the daily cumulative rate of photo- 
synthesis occurred when the soil moisture was at some 
point below field capacity and above the permanent 
wilting percentage. The recovery of full photosyn- 
thesis after irrigation was slow, requiring several days. 
A recovery of 80 to 90% of full photosynthesis was 
achieved in about 2 days. In sugar cane, therefore, 
as in plants previously worked with, a relatively high 
rate of photosynthesis is maintained until the soil 
moisture is at some point below the field capacity and 
the recovery of the original rate of photosynthesis 
following irrigation requires several days. 

DalLy CouRsES OF PHOTOSYNTHESIS AS THE SOIL 
MotstuRE DECREASES TO THE PERMANENT WILTING 
PERCENTAGE AND RECOVERY OF PHOTOSNYTHESIS AFTER 
IRRIGATION: An examination of the daily courses of 
photosynthesis as the soil moisture tension increases 
to the permanent wilting percentage and its recovery 
after irrigation (fig 6), reveals several significant 
points. These data are taken from the third cycle of 
alternating low and high soil moisture contents; how- 
ever, results were similar in all 5 cycles. At the be- 
ginning of a drying out cycle when the daily irriga- 
tions are stopped, no significant decrease in the rate 
of photosynthesis takes place for a few days. There 
was no decrease in the rate of photosynthesis until the 
soil moisture decreased to some point below field ca- 
pacity and above the permanent wilting percentage. 
No attempt is made to determine the precise soil 
moisture tension at which soil moisture is limiting to 
the process of photosynthesis. Figure 6 indicates that 
this point is about midway between field capacity and 
permanent wilting percentage under this set of con- 
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ditions. However, this might not be the value under 
a different set of experimental conditions. The crucial 
factor is the internal moisture conditions of the plant 
rather than a specific soil moisture tension. Adverse 
internal moisture conditions of a plant occurs when 
the water losses exceed the water uptake to a signifi- 
cant degree. Any of a number of environmental fac- 
tors or combinations of these factors may effect this 
critical balance. 

An overnight recovery in the rate of photosynthe- 
sis occurred when the plant was under a moisture 
stress the previous afternoon. This was observable 
when the rate of photosynthesis at 4:00 P.M. two 
days before irrigation was compared with the rate of 
photosynthesis at 8:00 A.M. one day after irrigation 
and also when the rate of photosynthesis at 4:00 P.M. 
one day before irrigation was compared with the rate 
of photosynthesis at 8:00 A.M. the day of irrigation. 
This was presumably the result of an improved inter- 
nal water balance in the plant. 

Errect oF LigHt INTENSITY ON THE RATE OF 
PHOTOSYNTHESIS WHEN THE SuGAR CANE PLANT Is 
UNDER A Moisture Stress: An increase in the rate 
of photosynthesis of sugar cane plant occurred when 
the soil moisture was near the permanent wilting per- 
centage and when there was a brief period of reduced 
light intensity; this was probably the result of an im- 
proved water balance within the plant. This was 
demonstrated either when brief cloudy periods oc- 
curred or when shadows were cast on the lower leaves 
by the upper leaves. This later condition occurred 
at midday when the sun reached its daily maximum 
altitude. 

The sixty-fourth day of the experiment, or 1 day 
before the soil reached its permanent wilting percent- 
age in the fifth cycle of alternating low and high soil 
moisture conditions, a unique set of natural conditions 
occurred which demonstrated the effect of cloudiness 
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Fic. 6. Daily courses of photosynthesis as the soil moisture tension increases to the permanent wilting percentage. 
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Fic. 7. The daily course of photosynthesis in rela- 
tion to light intensity showing an increase in the rate of 
photosynthesis of a sugar cane plant under a moisture 
stress during a brief period of reduced light intensity. 
----- plant under moisture stress, control plant. 





on the rate of photosynthesis of the sugar cane plant 
in soil near the permanent wilting percentage. No 
leaves were wilted at 8:00 A.M.; at 9:30 A.M., leaves 
1 and 2 were wilted; at 1:00 P.M., leaves 1, 2, 3, 4 
and 5 were wilted. The leaves are counted from the 
top down; number 1 leaf is the first leaf which is at 
least half unrolled. It is also the first leaf to show 
signs of wilt as the plant passes into a condition of 
internal moisture stress. The soil moisture was just 
above the permanent wilting percentage most of the 
day. It was 25% or at the permanent wilting per- 
“eentage at 3:30 P.M. The light intensity was moder- 
ately high (54.3 gm ecal/sq emxhr) from 9:00 A.M. 
to 10:00 A.M. followed by a period of lower light in- 
tensity (23.8 gm cal/sq em x hr) from 10:00 A.M. to 
11:00 A.M., and followed in turn by a moderately 
high light intensity (53.4 gm cal/sq em x hr) from 
11:00 A.M. to 12:00 noon. The light intensity values 
were measured by a recording pyrheliometer located 
about 100 yards from the experimental site. The light 
intensities as given are the hourly integrated values. 
The daily course of photosynthesis of the control 
plant, the plant under moisture stress, and the light 
intensities are presented graphically in figure 7. The 
rate of photosynthesis of both plants increased as 
usual as the light intensities increased until about 
9:00 A.M. when the rate of photosynthesis of the 
plant under moisture stress decreased rapidly. Dur- 
ing the period from 10:00 A.M. to 11:00 A.M., during 
which the light intensity decreased to a low value, the 
rate of photosynthesis of the control plant decreased 
while that of the plant under moisture stress in- 
creased. This increase in the rate of photosynthesis 
of the latter plant presumably results from a decrease 
of the moisture stress during this period of low light 
intensity. When the light intensity again increased, 
the rate of photosynthesis of the control plant in- 
creased while that of the plant under the moisture 
stress decreased. This same type of recovery was 
again noted slightly after midday and again in the 
late afternoon. The midday recovery resulted from 
somewhat lower light intensities than the maximum 


as a result of the shading of the lower leaves by ‘he 
upper leaves. The midday light intensity was not low 
enough to limit the rate of photosynthesis of the eon- 
trol plant. The late afternoon recovery of the rate 
of photosynthesis of the plant in soil near the perma- 
nent wilting percentage resulted from naturally occur- 
ring low light intensities. 

The data from the forty-ninth day of the experi- 
ment, or 2 days before the soil reached its permanent 
wilting percentage in the fourth cycle of alternating 
low and high soil moisture conditions, is a good exim- 
ple of midday recovery of the rate of photosynthesis 
of the sugar cane plant in a soil near the permanent 
wilting percentage. It also illustrates the close rela- 
tionship between the severity of wilting and the rate 
of photosynthesis of the plant under study. In figure 
8, the daily courses of photosynthesis of the control 
plant and of the plant under moisture stress are pre- 
sented graphically, together with the daily cycle of 
light intensities. The soil moisture was above the 
permanent wilting percentage during the entire day, 
being 27 % at 3:30 P.M. The rate of photosynthesis 
of both plants increased as usual as the light intensity 
increased until about 9:00 A.M. The rate of photo- 
synthesis of the plant in soil near the permanent wilt- 
ing percentage decreased after 9:00 A.M. to a mini- 
mum at about 11:00 A.M., after which it increased 
to a maximum at about 12:30 P.M. A minimum was 
again reached a little after 3:00 P.M., and a maxi- 
mum was again reached a little after 4:00 P.M. The 
decline in the rate of photosynthesis after this second 
maximum coincides with the late afternoon decrease 
in light intensity. The severity of wilting was as fol- 
lows: 8:00 A.M., no wilting; 9:00 A.M.., leaf 1 wilted; 
10:00 A.M., leaves 1, 2, 3, 4 and 5 wilted; 11:00 
A.M., leaves 1, 2, 3, 4 and 5 wilted; 12:00 noon, no 
wilting; 1:00 P.M., leaves 1, 2, 3, 4 and 5 wilted; 
2:00 P.M., leaves 1, 2, 3, 4 and 5 wilted; 3:00 P.M., 
leaves 1, 2, 3, 4 and 5 wilted; 4:00 P.M., no wilting. 
The rate of photosynthesis was at a maximum when 
little wilting was evident and the rate of photosynthe- 
sis was at a minimum when wilting was most severe. 
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Fic. 8. The daily course of photosynthesis in rela- 
tion to light intensity showing the midday recovery of 
the rate of photosynthesis of a sugar cane plant under 
a condition of internal moisture stress. ----- plant 
under moisture stress, control plant. 
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Tue EFFECTS OF A SERIES OF CYCLES OF ALTER- 
xatinc Low AND HicH Sor, Water CoNTENTS ON 
THE RATE OF PHOTOSYNTHESIS: The over-all results 
of this phase of the experiment are presented graphi- 
eally in figure 5. The photosynthetic values are the 
cumulative daily values of the sixteen individual 30- 
minute photosynthetic periods from 8:00 A.M. to 
4:00 P.M. The soil moisture determinations were 
made between 3:00 P.M. and 3:30 P.M. daily. 

The percent of photosynthesis relative to the con- 
trol plant on the day of irrigation in each of the five 
cycles is presented in figure 9. The rate of photosyn- 
thesis on all 5 days was less than that of the control 
plant. The plant under moisture stress was irrigated 
at 8:30 A.M. There were two trends in the rate of 
photosynthesis on the day of irrigation which changed 
progressively as the cycles of alternating low and high 
soil moisture progressed from the first to the fifth 
cycle. The first trend was the shortening of the period 
of time after irrigation before the first increase in the 
rate of photosynthesis was noted. In the first cycle, 
this period of time was 3 hours; in the second cycle 
2.5 hours, in the third cycle 1.5 hours, in the fourth 
cycle 1.5 hours, and in the fifth cycle 0.5 hour. The 
speed at which the sugar cane plant shows signs of 
recovery in the rate of photosynthesis following irri- 
gation of a soil which has reached the permanent 
wilting percentage increased as the cycles of alternat- 
ing low and high soil moistures progressed from the 
first to the fifth cycle. Also the daily cumulative rate 
of photosynthesis the day of irrigation progressively 
increased as the alternating cycles of low and high soil 
moisture progressed from the first to the fifth cycle. 
This can be observed in figure 9, but is clearer in fig- 
ure 10 where photosynthetic rates are presented as 
the daily cumulative values. In the first cycle, the 
rate of photosynthesis was actually less on the day of 
irrigation than it was on the preceding day, the actual 
value being only 14% of the control plant. In the 
second cycle this value was 32 %, in the third cycle 
44%, in the fourth cycle 59 %, and in the fifth cycle 
60%. These data also illustrate the increasing rate 
of recovery of photosynthesis of the sugar cane plant 
following irrigation of a soil at the permanent wilting 
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Fic. 9. The percent of photosynthesis relative to the 
control plant on the day of irrigation. 
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Fic. 10. The daily cumulative rate of photosynthe- 
sis on the day of irrigation. (Points on curve corre- 
spond to days of irrigation.) 
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percentage as the number of cycles of alternating low 
and high soil water contents increases. The soil water 
content of the soil on these 5 days was 23, 23, 20, 20, 
and 23 %, respectively, just prior to irrigation at 8:00 
A.M. to 8:30 A.M. 


SUMMARY 


An investigation of the effects of a series of cycles 
of alternating low and high soil water contents on the 
rate of apparent photosynthesis has been conducted 
with sugar cane (Saccharum officinarum L., var. 37- 
1933) plants. A shoot of each of two similar potted 
plants approximately one year of age was placed in 
a photosynthetic chamber. One of the two plants was 
allowed to go through a series of five cycles of alter- 
nating low and high soil water contents; the other 
plant was maintained at a high soil water content and 
was used as a control plant. The high soil water con- 
tent was maintained by thoroughly watering the soil 
daily, and the low soil water content was approxi- 
mately the permanent wilting percentage. The rate 
of apparent photosynthesis of each plant was deter- 
mined once every half hour by measuring the amount 
of CO. removed from the air after a 13-minute photo- 
synthetic period. The CO, concentrations were meas- 
ured by a recording infrared spectrophotometer. The 
measurement of the soil moisture was. made by using 
a radiation technique of measuring soil density. The 
basic principle involved is that the fraction of radia- 
tion absorbed in passing through a layer of matter is 
proportional to the density. Changes in the density 
of Manoa soil under the conditions of this experiment 
resulted almost exclusively from changes in the mois- 
ture content. 

There was a progressive increase in the daily 
cumulative rate of photosynthesis, as the cycles of 
alternating low and high soil water contents pro- 
gressed from the first to the fifth cycle, on the day of 
irrigation, on the first day after irrigation, and on the 
second day after irrigation. The increase became pro- 
gressively less marked on the latter two days and was 
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not clearly apparent on the third day after irrigation. 
There was also a progressive decrease in the interval 
of time before the sugar cane plant showed the first 
increase in the rate of photosynthesis following irriga- 
tion as the cycles of alternating low and high soil 
water contents progressed from the first to the fifth 
cycle. 

An over-night recovery in the rate of photosynthe- 
sis occurred even when the soil water content was at 
the permanent wilting percentage. 

An increase in the rate of photosynthesis of the 
plant in soil near the permanent wilting percentage 
occurred when there was a brief period of reduced 
light intensity, but did not occur when the water sup- 
ply was adequate. This was evident when a brief 
cloudy period occurred or when shadows were cast on 
the lower leaves by the upper leaves, a condition 
which occurred at midday when the sun reached its 
daily maximum height. 


The writer wishes to express his sincere apprecia- 
tion to Dr. Bernard S. Meyer and Dr. George O. Burr 
for their guidance and helpful criticism throughout 
the course of this investigation. The writer also wishes 
to express his gratitude to the Experiment Station 
Committee and Director of the Experiment Station 
of the Hawaiian Sugar Planters’ Association for the 
support of this investigation. 
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THE INFLUENCE OF TEMPERATURE ON THE RESPIRATION 
OF COTTON LEAF-DISCS?# 


V. H. GOODMAN anp R. T. WEDDING 
Division oF Lire Sciences, CoLLecE or LETTERS AND SCIENCES AND 
DEPARTMENT OF PLANT BIOCHEMISTRY, CITRUS EXPERIMENT STATION, 
University oF CALirorNIA, Riversipp, CALIFORNIA 


Injuries to cotton plants which may have been due 
to the high temperatures during the growing season 
have been noticed recently in the Imperial Valley 
(16). During the period of the summer correspond- 
ing with the highest summer temperatures, particu- 
larly with high night temperature levels and during 
periods of sudden change from low to high tempera- 
tures, only a small percentage of the flowers of Acala 
4-42 cotton are set into bolls. Later on in the season 
after the period of high temperatures is past, boll set 
is good and the resulting plants have two distinct 
crops of maturing bolls, one series developed early in 
the season and maturing in August, September and 
early October and the other series of bolls developed 
in September and October and maturing in December 
and January. 

Cotton has long been known as a plant which is 
intolerant of cool weather and thrives at higher tem- 
peratures than many other crop plants. Day air tem- 
peratures averaging 30°C and above are common in 
cotton growing regions and are considered desirable 
for the growth of cotton. Doyle (7) states that the 


U.S. cotton belt is bounded approximately on the north 
by the 25°C mean summer isotherm and the belt 
extends south to the Gulf of Mexico where the aver- 


age summer temperature is 27 to 29°C. In Ari- 
zona the valleys where cotton is grown have an aver- 
age summer temperature of 29 to 32°C. The July 
average temperature for four meteorological stations 
in Imperial County, California, for a period of 21 to 
28 years, varied from 32 to 34°C and the maximum 
temperatures from these four stations for the same 
period varied from 47 to 54° C (17). These tempera- 
tures were the shaded air temperatures of the mete- 
orological stations. Day (6) has recorded soil surface 
temperatures as high as 69° C nearby in the cotton- 
fields of the Coachella Valley. 

Sample readings by the authors, on two different 
days during the mid-summer in the Imperial Valley, 
showed that some cotton leaves in direct sunlight had 
temperatures as high as 45.5° C on a day when the 
air temperature was 41.7° C and the shaded leaf tem- 
perature averaged 40°C. Based on this data it ap- 
pears possible that some cotton leaves may have to 
withstand temperatures at least four centigrade de- 
grees warmer than the recorded air temperatures at 
some time during their growth. 

Eaton (9) in his review of certain aspects of cot- 
ton physiology mentions the work of several who have 
tried to establish the cardinal temperatures for the 
growth of cotton, or of specific organs of cotton 
vlants. Generally growth was slow below 15°C or 


1 Received February 9, 1956. 


18° C, the best growth of seedlings was between 27 
and 33°C, and the maximum temperature for the 
growth of seedlings was probably slightly in excess of 
39°C (1, 5). Galligar (12) found poor growth for 
the detached roots of cotton at 10° C, the best growth 
occurred at 25° C, and at 35°C the root growth was 
about as poor as at 10°C. Balls (2) stated that cot- 
ton in the field seemed to grow best around 32° C in 
Egypt while temperatures above 35° C were harmful 
if prolonged and if the tissue temperatures exceeded 
38° C subsequent growth was reduced. The tempera- 
tures below 30° C encountered in Egyptian fields were 
not found to produce any harmful effects. Eaton and 
Belder (10) found that Acala variety of cotton had 
a 40% better yield in three years with maximum 
temperatures below 37°C than in three years when 
the maximum temperatures exceeded 37°C. This 
relationship did not hold with Pima variety of cotton. 
Dunlap (8) found that many varieties of upland cot- 
ton would shed their bolls if subjected to a tempera- 
ture of 38°C for a short period of time. Thus from 
many sources it appears that temperatures exceeding 
35°C may be harmful to the growth or yield of 
cotton. 

Berkeley and Berkeley (4) give the thermal death 
point of cotton seedling at 52°C and 59°C for high 
and low relative humidities, respectively, in periods 
of one or two minutes. However, this experiment was 
conducted in such a way that it may have been more 
a test of the ability of the seedlings to resist desicca- 
tion after the heat treatment than a test of heat 
resistance in itself. The water in the plants subjected 
to temperatures in the order of 50°C for periods of 
time sufficient for temperature equilibrium to be 
established would have such a high vapor pressure 
that when these plants were suddenly moved to cham- 
bers at room temperatures, even if these chambers 
were at 100% relative humidity, rapid evaporation 
from the surface would occur. At 50°C the vapor 
pressure of water is 92.55 mm Hg while at 20° C the 
vapor pressure of water is only 17.535 mm Hg (15). 
Thus the difference between 50°C and 20°C would 
be in the order of five times the vapor pressure differ- 
ence as that between 20°C with 100% relative hu- 
midity (17.535 mm Hg) and 20° C with zero relative 
humidity (0 mm Hg). This rapid evaporation from 
the plant at the lower temperature would cease when 
the leaves came into temperature equilibrium with 
the surrounding air. Probably not many plants could 
withstand this type of sudden change unless they 
were xerophytes. 

The respiration of cotton at various temperatures, 
especially the leaves, does not appear in the literature. 
Arndt (1) using the net loss of dry matter as a meas- 
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ure of the respiration of cotton roots found practi- 
cally the same respiration at 24° and 33°C, a sharp 
increase in the respiration at 36° C, and a decrease in 
the respiration at 39° C. 

The objective of this experiment was to determine 
whether there is any direct correlation between the 
temperature at which a cotton plant may be injured 
and the temperatures which cause marked changes in 
respiration. Moreover, many textbooks of plant 
physiology use measurements of the respiration of pea 
seedlings (11), or the respiration of stored fruit (14) 
to illustrate the effect of temperature on this process, 
whereas the use of vegetative organs near maturity 
might be more pertinent to the general tenor of physi- 
ological discussions. Therefore, in this experiment, a 
range of temperatures covering those likely to be en- 
countered by plants growing in the field was used to 
provide an example of the effect of temperature upon 
the respiration of a vegetative organ. 


METHODS AND MATERIALS 


Cotton seed variety Acala A4-42 were planted 5 
seeds to a 6-inch pot, and the seedlings were thinned 
to two seeds per pot two weeks later. At the time of 
the experiment the plants were about two months old, 
and had 6 to 8 leaves. The plants were grown in a 
greenhouse with a mean day temperature of 25.5° C 
and a minimum night temperature of 20°C. The 
relative humidity was maintained at 40 to 60%. 

The respiration was measured in two Warburg 
apparatus. One Warburg apparatus having both re- 
frigeration and heating coils was kept at 25° C under 
dark curtains. The respiration of the leaf dises meas- 
ured in this apparatus provided a day by day stand- 
ard for the respiration of leaf dises at one of the 
treatment temperatures. The Warburg apparatus 
which was used at the different temperatures had only 
a heating coil and was used in a darkened laboratory 
for temperatures at 30° C and above while the appa- 
ratus was shifted to a cold room at 1° C for tempera- 
tures of 20° C and below. 

Respiration determinations were made on succes- 
sive days, using a different temperature each day. As 
the food supply, physiological age, and other factors 
of the leaf may have varied slightly from day to day, 
the respiration of each temperature was calculated as 
a percentage of the respiration at 25° C for each set 
of matched leaf-dises. As an indication of the varia- 
bility encountered using this method, the over-all mean 
rate of respiration at 25° C was 33.6 pl O./em? x hr 
with a standard error of 2.1 pl Os/em?xhr. At all 
temperatures the mean rate of respiration was signifi- 
cantly different from the rate at 25°C at odds of 
better than 19 to 1 and in most cases better than 99 
to 1. Due to the lumping of replicates in the calcula- 
tion of the regression lines needed to obtain the rate 
of respiration at zero time for each temperature, no 
standard error was obtained which could be applied 
to the values shown in figure 2, however, the correia- 
tion coefficients for the individual temperatures were 
significant at the 5% level or better for all tempera- 


tures except 5, 10 and 15° C, where extreme yaria- 
bility reduced the r values to a low level. 

Twelve 9-mm leaf-dises were cut with a cork 
borer, one dise from each of 12 leaves for each repli- 
cate of the temperature treatment. On the opposite 
side of the midvein on corresponding places on the 
leaves another series of 12 leaf-discs were cut for the 
25° C check. Six series of leaf-dises for the treatment 
and six for the 25° C check gave six matched repli- 
cates which aided the statistical analysis of the data. 

The 12 leaf-dises in each flask were placed flat on 
the bottom of the flask, in two layers, in random 
arrangement. One-half ml of 10% KOH was used in 
the center well of the flask with a fluted filter paper 
wick. One-half ml of water was used in one of the 
side arms of the flask. Equilibration of the flasks for 
temperature was allowed for twenty minutes before 
the manometers were closed and the respiration meas- 
urements began. In order that the arrangement of 
the leaf dises should not be disturbed, the flasks were 
not shaken. Manometer readings were taken at half 
hour intervals for a period of 3 hours. The measure- 
ments of oxygen uptake for the temperature treat- 
ments were averaged and expressed as a percentage 
of the average oxygen uptake at 25°C. 

The sequence in which the different temperatures 
were investigated was 30 to 55°C, then 5 to 20°C. 
The temperatures from 5 to 55° C utilized leaves from 
a set of plants grown from seed planted at the same 
time and 21 days elapsed from the first to the last 
measurements with these plants. The two youngest, 
fully expanded leaves were used from each plant. 

RESULTS AND DISCUSSION 

The data from this experiment will be considered 
from two viewpoints, first, the slopes of the mathe- 
matically fitted curves for the different temperatures 
over a 3-hour period, and secondly, the relative rates 
of respiration at the different temperatures. 

The fitted curves for the rate of respiration at 
each temperature over a 3-hour period are shown in 
figure 1. The respiration at 25°C was used as a 
standard and the curve for this temperature is shown 
as a horizontal line at 100%. The respiration rates 
for the other temperatures are shown as percentages 
of the rate at 25°C. The raw data means, for the 
daily measurements of respiration at 25° C, shows the 
rate of oxygen uptake over a 3-hour period for this 
temperature actually decreased by 26 %. 

Respiration at 20°C showed a pronounced in- 
creased rate with time relative to the 25°C rate, 
while at 15° C the increase with time was much less. 
The increase of the rate of respiration with time at 
20°C and at 15°C is also shown in the graph oi 
respiration of pea seedlings in the experiments of 
Fernandes (11, 18) at a temperature of 20°C. Such 
an increase with time may have been facilitated by an 
increased hydrolysis of the insoluble carbohydrates to 
reducing sugars at low temperatures (13). At 30°C 
the rate of respiration paralleled the respiration at 
25° C but at a slightly higher level. At 35 and 40° © 
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GOODMAN AND WEDDING—TEMPERATURE ON RESPIRATION 


the rate decreased with time, probably because of the 
exhaustion of the available substrates over a 3-hour 
period. At 45 and 50° C oxygen uptake was main- 
tained at a higher rate for a longer period giving 
flatter curves than for the 35 and 40° C temperatures. 
By reason of the enzyme deterioration at the higher 
temperatures or because of the more rapid exhaustion 
of the available respiratory substrates, it would be 
expected that the curves for 45 and 50° C should have 
shown a more rapid decrease of respiration with time 
than at 35 or 40° C but not as steep as at 55°C. It 
may have been that 45 or 50° C was a more optimum 
temperature for the hydrolysis of carbohydrate re- 
serves than 35 or 40°C. However, if this hydrolysis 
did occur, this additional source of food was ineffec- 
tive in counteracting other mechanisms of injury at 
slightly higher temperatures, such as at 55° C. 
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Fic. 1. Fitted curves for the respiration of cotton 
leaf-dises over a 3-hr period at temperatures from 5 to 
5° C. The respiration at each temperature is given as 
@ percent of the respiration of matched leaf-discs meas- 
ured at 25° C, 
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Fic. 2. A comparison of the rates of respiration of 
cotton leaf-discs at temperatures from 5 to 55° C. Respi- 
ration at the different temperatures is given as percent 
of the respiration at 25°C. Values are intercepts at 
zero time of the fitted lines shown in figure 1. 


Temperatures as high as 55°C were definitely 
detrimental to respiration over short periods of time. 
The low initial rate of respiration at the high tem- 
peratures shows that if several environmental factors 
were all tending to increase the stresses within the 
plant under field conditions, the respiratory mecha- 
nism might be injured within a relatively short time. 

In comparing the relative rates of respiration at 
the various temperatures, the points on the graph in 
figure 2 were obtained by extrapolating the fitted 
curves, as shown in figure 1, back to zero time and 
using this zero-time intercept as the point for the rate 
of respiration at each temperature. The graph in fig- 
ure 2 shows that the rates of respiration increased 
from 5 to 45° C, with a slight decline in the rate at 
50° C from the 45° high, while at 55° C the reduction 
in initial respiration was very pronounced. 

The curve in figure 2 differs from many other pub- 
lished respiration curves because of the extrapolation 
of the respiration rate of the various temperatures 
back to zero time. Bonner and Galston (3) for exam- 
ple, show a curve for comparison of the respiration 
rates at various temperatures based on the data of 
Fernandes (11) in which the highest rate of respira- 
tion is shown at 35°C. The Bonner and Galston 
curve is evidently based on the means of the respira- 
tion rates over periods of 6 to 8 hours, thus showing 
comparatively lower values for the oxygen uptake at 
the higher temperatures than is shown by our curve 





278 PLANT PHYSIOLOGY 


for a nearly instantaneous effect. However, even if 
the means for the 3-hour respiration period are used 
here, the cotton leaves still show the maximum rate 
at 45° C, and this may represent a real difference in 
the respiration of pea leaves and cotton leaves at ele- 
vated temperatures, and may perhaps be related to 
the different climatic preferences of the two plants. 

Arndt (1) measured the respiration of cotton seed- 
lings at the end of 7 days by the loss of dry weight 
of the samples. Arndt found that the rate of respira- 
tion for these seedlings decreased markedly as the 
temperature was increased from 36 to 39° C. He also 
found that the above ground portions of the cotton 
had a slightly higher optimum temperature for best 
development when compared to the best temperature 
for seedling emergence. Considering that in the pres- 
ent experiment the respiration measurement was con- 
ducted for only three hours on a sample, and in view 
of Arndt’s findings that the above ground portions 
(the leaf-dises used in this case) have a higher opti- 
mum temperature than the below ground portions of 
the cotton plant, there is no disagreement between 
Arndt’s experiment and the present experiment. 

At the present time the problem of the injury of 
cotton at temperatures over 40°C is unsolved, as 
other processes involved in growth must be studied to 
find which process is the most temperature sensitive. 
Photosynthesis, auxin-production, auxin-stimulation of 
tissues are examples of processes, among others, which 
must be studied in isolation and then on a compara- 
tive basis in different plants to begin to study the 
problem of the climatic adaptations of plants. 


SUMMARY 


Leaf-dises cut from maturing cotton leaves were 
used to determine respiration rates at a series of tem- 
peratures from 5 to 55°C. It is shown that the rate 
of respiration increased with temperature up to 45° C 
and that at 50° C and 55° C there was an initial de- 
crease in the rate of respiration. At temperatures 
below 25° C there was some tendency for the respira- 
tion rate to increase with time over a three-hour 
period and above 30°C for respiration to decrease 
with time. At 45 and 50°C the decrease with time 


was not as great as at temperatures of 35 and 40° C. 

The effect of temperature upon the respiration 
rate of cotton leaves seemed to be similar to the rate 
of respiration of pea seedlings as worked on by Fer- 
nandes (11). 
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PHOTOREVERSIBILITY OF FLOWER INITIATION ! 


R. J. DOWNS 
Horticutturat Crops Researcu Brancu, Prant INpustry STATION, 


BELTSVILLE, 


Action-spectrum studies have shown that such di- 
verse light-controlled plant responses as flower initia- 
tion (1, 17, 18), internode elongation (2, 8, 19), leaf 
expansion (8, 19), and seed germination (4, 23) are 
reculated most effectively by red radiation near 6500 
A. Borthwick et al (4) recently demonstrated that 
the red reaction inducing the germination of light- 
sensitive lettuce seed could be reversed. Their studies 
show that far-red near 7350 A is the region of maxi- 
mum effectiveness in reversing the red reaction and 
thereby inhibiting seed germination. Thus, seed ir- 
radiated with red are put into a germinating condition 
that is nullified or reversed if a far-red irradiation 
immediately follows the red. This duodirectional re- 
action was shown to be repeatedly reversible and to 
be independent of temperature. This same reversible 
photoreaction was also established for the control of 
flower initiation of Xanthium (3), cuticle coloration 
of tomato fruits (20) and photomorphogenic effects 
such as leaf expansion (8, 12), hypocotyl elongation 
(8) and the disappearance of the plumular hook of 
dark-grown beans (26). 

The purpose of the studies reported herein was to 
investigate some of the details of this photoreversible 
reaction as it applies to the control of flower initiation. 


METHODS AND RESULTS 


PRELIMINARY StupiEs: Preliminary experiments 
were conducted to test the occurrence of the reaction 
in several kinds of photoperiodically sensitive plants. 
By use of the established technique of interrupting 
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the dark period, two short-day plants, soybean (Gly- 
cine Max (L.) Merr. var. Biloxi) and pigweed (Ama- 
ranthus caudatus L.), and two long-day plants, barley 
(Hordeum vulgare L. var. Wintex) and Hyoscyamus 
niger L., were tested for evidence of the far-red ac- 
tion. A brief irradiation near the middle of an in- 
ductive dark period of 13 hours for soybean and 12 
hours for pigweed prevented initiation of flowers, 
whereas a similar interruption near the middle of a 
non-inductive dark period of 12.5 hours for barley 
and 12 hours for Hyoscyamus induced flowering. In 
each case a far-red irradiation immediately following 
the dark-period interruption with red reversed the 
effect of the red light (table I). 

PLANT MateriAts: Studies into the details of the 
photoreversible reaction controlling flower initiation 
were conducted principally with the short-day plants 
cocklebur, Xanthium pensylvanicum Wallr. (X. sac- 
charatum Wallr.) and Biloxi soybean. 

There is considerable confusion arising from per- 
sonal variations in the choice of the specific name for 
this species of Xanthium. Wallroth (24) described 
X. pensylvanicum and X. saccharatum as distinct spe- 
cies and published his descriptions in the same journal 
on the same date. According to Section 10 of the 
International Rules of Nomenclature (6), when two 
such species are combined, the older name must be 
retained. If neither name is the older, then the choice 
remains with the person making the combination, 
provided both names are valid. S. F. Blake, basing 
his decision on the work of Widder (25), declared the 











1 Received February 24, 1956. valid name to be X. saccharatum (18). Further in- 
TABLE [ 
Errect oF Dairy INTERRUPTIONS OF THE DARK PeRIOD WITH RED AND Far-Rep RapIATION 
ON THE FLoweEr INITIATION oF Two Lonc-Day AND Two SHortT-Day PLANTS 
Prawre PLANTS MEAN STAGE Tews. MEAN 
PLANT TREATMENT wc ongation FLOWERING OF FLORAL ~ eres STEM 
oo PER LOT DEVELOPMENT * i LENGTH * 
no. no. no. mm 
Hyoscyamus Control 4 0 e's Soe 0.0 
Red 8 8 ae ae 18.5 
Red + far-red 8 3 oe babs 46 
Wintex barley Control 12 12 23 3.2 
e 16 16 6.7 19.4 
Red + far-red 18 18 32 3.9 
Amaranthus Control 10 10 
Red 10 1 
Red + far-red 12 12 - ie 
Biloxi soybean Control 4 4 re 18 
Red 4 0 sieve 0 
Red + far-red 4 4 Baa 10 








* Floral-development and stem-length data were taken according to the procedures described in references (1) 


and (17). 
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vestigation has shown that Millspaugh and Sherff 
(14) had made an earlier combination in favor of X. 
pensylvanicum. Thus, X. pensylvanicum is estab- 
lished as the valid specific name and X. saccharatum 
must become a synonym. 


EVALUATION OF Response: Although investigations 
of photoperiodic responses have generally been re- 
ported in terms of the presence or absence of flower 
primordia, proper evaluation of the results reported 
here demanded a graduated measure. It was obvious 
from previous reports (9, 15) and from preliminary 
dissections that the development of the inflorescence 
of cocklebur was not an all or none affair and that the 
amount of floral development in a given time de- 
pended upon the level of the initial stimulus that in- 
itiated it. Thus, it was decided to divide the de- 
velopment of the inflorescence into several easily 
identifiable stages. 

Other investigators (7, 11, 13) have assigned 
numerical values to arbitrarily selected stages of de- 
velopment of the cocklebur inflorescence, but un- 
fortunately their techniques cannot be used because 
the descriptions of their stages are inadequate. Re- 
cently, however, Salisbury (21) adequately described 
stages of development based on the linearity of de- 
velopment with time. The experiments reported 
herein were finished before Salisbury reported his 
work; the stages of development, while not identical 
with his, differ only in minor detail. 


Eight stages of development of the staminate in- 
florescence were chosen as indicators of the response 
of cocklebur to photoperiodic treatment. These 
stages were designated 0 to 7, O indicating a vegeta- 
tive plant and 1 through 7 plants in which increasing 
inflorescence development is signified by increasing 
numerical value. Stage 1 is the earliest stage at which 
differences in the terminal meristems of vegetative 
and reproductive plants can be recognized. The ter- 
minal meristem of the reproductive plant is slightly 
higher and more dome-shaped than that of the vege- 
tative one. This development probably represents 
the beginning of the receptacle of the inflorescence. 
In stage 2 the receptacle is enlarged, constricted at 
the base and definitely dome- or egg-shaped, with 
primordia of floral bracts at the base. When the in- 
florescence primordium reaches stage 3, the smooth, 
rounded primordia of the individual flowers are visi- 
ble on the lower half of the receptacle and each flower 
is subtended by a bract. The acropetal succession of 
bracts and flower primordia continues until at stage 
4 the flowers are visible more than half way up the 
receptacle, but not covering the top. At stage 5 the 
flower primordia completely cover the receptacle and 
the lobes of the five-parted corolla on the lowermost 
flowers are visibly differentiated. At stage 6 corolla 
lobes are differentiated in all flower primordia except 
those at the very top of the receptacle, and at stage 
7 all flower primordia have clearly differentiated 
corolla lobes and the primordia of the five stamens 
are present in the lowermost flowers. The response 
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of cocklebur to experimental treatments was evalu- 
ated on the basis of these stages of development. 

The response of Biloxi soybean, however, was 
evaluated in terms of the number of nodes bearing 
flower primordia, a technique already established (5, 
18) as a measure of the amount of stimulation :{- 
forded by photoinductive treatments. In this system 
of evaluation reference is made only to flower pri- 
mordia initiated on the main axis. 

EXPERIMENTAL MeEruHops: Burs of Xanthium were 
planted in pots of soil and placed immediately on the 
greenhouse bench where the resultant plants received 
normal daylight plus a 3-hour period of light near 
the middle of the dark period. This dark-period in- 
terruption was made with about 30-fe illumination 
from 100-watt incandescent-filament lamps. When 
the vegetative plants produced in this way had 4 or 
5 fully expanded leaves, they were taken to a con- 
trolled-environment room (16), where all leaves be- 
low the two most recently expanded were removed. 
The plants were then placed on inductive cycles of 12 
hours of light and 12 hours of darkness at a tempera- 
ture of 20°C. Three such inductive cycles were used 
and the plants were returned to the long-day condi- 
tions of the greenhouse. They were dissected 10 days 
after beginning of treatment. Interruptions were 
made near the middle of each inductive dark period 
with radiation obtained through two layers of red 
cellophane from 18 standard cool white, slimline 
fluorescent lamps (20). The unfiltered bank of lamps 
provided an illuminance of 1000 fe at plant level. A 
variable-energy experiment (fig 1) showed that 30 
seconds at a distance of 1 meter from this source was 
adequate to inhibit the flower initiation potentially 
induced by the 12 hours of darkness. This was 
equivalent to about 10* ergs em-? sec-! at 6500 A, the 
region of maximum effectiveness. However, in order 
to be assured that the flowering stimulus was com- 
pletely removed, an exposure of 2 minutes was 
adopted as the standard interruption irradiance. 

Biloxi soybeans were grown in a like manner, but 
treatment was begun when the third compound leaf 
had fully expanded. All leaves below the third com- 
pound leaf were removed and the plants were placed 
on cycles of 10 hours of light and 14 hours of dark, 
at a temperature of 20°C. After 9 such cycles the 
plants were returned to long-day conditions until the 
time of dissection, 15 days after the beginning of 
treatment. Tests showed that the 2-minute inter- 
ruption standardized for cocklebur also was adequate 
to prevent floral initiation in soybean. 

ReEversIBILITY: The far-red region of the spec- 
trum, near 7350 A, was satisfactorily isolated from 
sources of relatively high far-red emittance such 4s 
the sun (8000 fe) or incandescent-filament lamps (800 
fe) by a filter of two layers of 300-gauge red and two 
layers of 300-gauge dark-blue cellophane (20). Us- 
ing the experimental methods just described, a zom- 
parison of the efficiencies of the two sources in 
supplying far-red for reversing the effect of a red in 
terruption is given in table II. When the sun was 
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used as the far-red source in a variable-energy ex- 
periment, flowering of cocklebur plants previously 
inhibited by the 2-minute red interruption of the 
dark period was repromoted to about two-thirds that 
of the control by a 10-second exposure to far-red 
(fig 2). When exposures of 1 or 2 minutes were 
given, the repromotion of flowering approximated 
that of the controls, but as exposure times were in- 
creased further the amount of repromotion was 
slightly less. 
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Fic. 1 (top). Flowering response of cocklebur plants 


exrosed to various amounts of red energy near the mid- 
di» cf a 12-hr dark period. 

Fic. 2 (bottom). Repromotion of flowering of cockle- 
bur plants by various far-red energies immediately after 
a saturating exposure to red radiation. 
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TABLE II 


CoMPARISON OF THE EFFECTIVENESS OF THE SUN AND 
INCANDESCENT-FILAMENT LAMPS AS Sources OF Far-ReEp 
Rapiation GIvEN As Datry Dark-Pertop INTERRUP- 
TIONS FOR THE REPROMOTION OF FLOWER INITIATION OF 

CocKLEBUR 





STAGE OF DEVELOPMENT OF 
INFLORESCENCES * 





TTEATMENT _— 
FLoop LAMPS, 





3 x 300 w. 
Dark control 6, 6, 6, 6, 6, 6 6, 6, 6, 6, 6, 6 
Red 0, 0, 0, 0, 0, 0 0, 0, 0, 0, 0, 0 
Red + far-red 5, 4, 3, 4, 5, 4 4, 3, 4,3, 3, 3 
5, 3, 4, 5, 5, 5 2, 4, 5, 3, 3, 4 








* Each value represents a single plant. 


Biloxi soybeans seemed to be less sensitive to far- 
red than cocklebur and the sensitivity seemed to vary 
with the vigor and quality of the plants. The low 
light intensities of the winter months resulted in soy- 
beans with elongated hypocotyls and small leaves. 
Far-red repromotion of flowering in these plants was 
poor, even with exposures of 8 to 16 minues. How- 
ever, the stocky, larger leaved plants grown under 
the moderate temperatures and higher light intensity 
of the spring months were vigorously repromoted by 
as little as a 2-minute exposure to far-red. 

It was shown with light-sensitive lettuce seeds (4) 
that several successive cycles of red and far-red re- 
sulted in promotion of germination when the cycles 
ended with a red irradiation and in inhibition of ger- 
mination when the treatment cycles terminated with 
an exposure to far-red. The reaction controlling 
flower initiation is also repeatedly reversible (table 
III). With both cocklebur and soybean, the plants 
remained vegetative when the last irradiation was 


TABLE III 


Errect oF Datty INTERRUPTIONS OF THE Dark PERIOD 
WITH SEVERAL CONSECUTIVE IRRADIATIONS WITH RED AND 
Far-Rep IN SEQUENCE ON FLOWER INITIATION OF COCKLE- 
BUR AND SOYBEAN 


MEAN NO. OF 


OF FLORAL FLOWERING 
TREATMENT DEVELOP- NODES IN 
MENT IN BILox!I 


COCKLEBUR * SOYBEAN ** 











Dark control 6.0 4.0 
R 0.0 0.0 
R, FR 5.6 16 
R, FR, R 0.0 0.0 
R, FR, R, FR 42 1.0 
R, FR, R, FR, R 0.0 ee 
R, FR, R, FR, R, FR 2.4 0.6 
R, FR, R, FR, R, FR, R 0.0 0.0 
R, FR, R, FR, R, FR, R, FR 0.6 0.0 


* Two min far-red from the sun. Values are for lots 


of 5 plants. 
** Bight min of far-red from three 300-watt internal 
reflector flood lamps. Values are for lots of 4 plants. 
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with red, but when far-red was given last the effects 
of the previous treatments were removed and flower 
initiation was repromoted. It was noted, however, 
that the degree of repromotion became less with each 
red—far-red cycle until finally after several such cycles 
repromotion could no longer be effected. 

TIME INTERVAL BETWEEN Rep AND Far-Rep: The 
loss of far-red repromotion of flowering after several 
cycles of red alternating with far-red suggested that 
the passage of time might be the limiting factor since 
the total experimental time was 25 minutes for cockle- 
bur and 45 minutes for soybean. To test this hy- 
pothesis there was set up an experiment in which dark 
periods of various durations were inserted between 
the red and the far-red irradiations. Near the middle 
of the 12-hour dark period, plants were irradiated 
with red for the usual 2-minute period and then re- 
turned to the dark. After various durations of dark- 
ness the plants were irradiated with far-red for 3 
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DARK PERIOD (MINUTES) BETWEEN RED AND FAR RED 


Fic. 3. Effect of various durations of darkness be- 
tween the red and the far-red irradiation on the promo- 
tion of flowering of cocklebur and Biloxi soybean by 
far-red. 


minutes. It was found that as the duration of dark- 
ness between the red and far-red irradiations was in- 
creased, the amount of far-red repromotion of flower- 
ing in .both cocklebur and soybean decreased and 
finally failed (fig 3). The complete loss of far-red 
repromotion generally occurred after an intervening 
dark period of about 30 minutes for cocklebur and of 
about 45 minutes for soybean. A more precise meas- 


ure of the critical time lapse between the red and the - 


far-red irradiations could not be made for either soy- 
bean or cocklebur, because the time necessary for loss 
of repromotion varied directly with the potential 
stage of flowering as evidenced by the controls. 

As would be expected from a photochemical re- 
action, the temperature at which the irradiations are 
made had no measurable effect upon the results of 
irradiation with either red or far-red (4). It seemed 
reasonable to assume, however, that temperature 
would affect whatever was taking place during the 
interval between the red and the far-red irradiation. 
Table IV shows the results of studies with cocklebur 


TABLE IV 


Loss or Far-Rep EFFrecTIvENESS FOR REPROMOTION oF 
FLOWERING OF COCKLEBUR AND Bitoxt SoyBean 4s 
INFLUENCED BY DuRATION AND TEMPERATURE OF Dark 
Periop INTERVENING BETWEEN SATURATING IRRADIATIONS 
witH Rep AND Far-Rep GiveN NEAR THE MIDDLE or 
12-Hour Dark Periops 


MEAN STAGE OF MEAN NO. OF 


Dark FLORAL DEVELOPMENT FLOWERING NODES 
INTERVAL IN COCKLEBUR * IN BILOXI SOYBEAN * 
(MIN ) — = — 
20° C §°C 20° C &°C 
0 6.5 §.5 ** 2.6 2.6 ** 
20 3.8 5.7 ap os 
30 18 4.0 0.6 18 
40 0.5 45 0.0 1.2 
50 » af ae 16 
60 0.0 28 0.0 nee 
90 = ee 0.0 0.6 
Dark control 7.0 7.0 ** 5.0 5.07 
Red control 0.0 i 0.0 


* Temperatures of 20°C maintained during photo- 
periods and dark periods except during the dark interval 
between the red and far-red irradiations and as other- 
wise indicated. Values are means for lots of 4 cocklebur 
and 5 soybean plants. 

** Held at 5° C for 60 min. 

+ Held at 5° C for 90 min. 


and soybeans in which the temperature during the 
interval was varied. When the temperature was 
lowered to 5° C, the rate of loss of far-red repromo- 
tion of flower initiation became extremely slow in con- 
trast to the rather rapid loss at 20° C. 


DISCUSSION 


There are several hypotheses that might be ad- 
vanced to explain why flower primordia are initiated 
when far-red irradiation is given immediately after 
red, but not when a 30 to 45-minute time interval 
elapses between the red and the far-red irradiations. 
Any conclusions must agree with the experimental 
evidence obtained from studies of other plant re- 
sponses controlled by the-same photoreaction (4, 8, 
20, 23). One of the more obvious of these hypotheses 
is that the far-red-absorbing form of the pigment 
might undergo thermal decomposition. However, all 
the results except those of the flowering response indi- 
cate that it takes about 8 hours between the red and 
the far-red irradiations for a 50 % loss of far-red re- 
versibility. This solution, therefore, seems improba- 
ble since in the other plant responses the availability 
of the far-red-absorbing form of the pigment does 
not seem to be the limiting factor. Since the pigment 
seems to be present and operating, then some other 
factor must be involved. 

Another possibility would be that the far-red- 
absorbing form is unstable and reverts to the stable 
red-absorbing form in a short time. However, pre- 
vious studies on the photoperiodic control of cockle- 
bur (18, 22) and soybean (18) present evidence that 
at the end of the light period the pigment is in the 
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far-red-absorbing form and that a period of about 3 
hours is necessary for the dark thermal conversion 
to the red-absorbing form. Since this is about six 
times the period necessary for the complete loss of 
the far-red-repromotive effect, this hypothesis is also 
improbable. 

The third hypothesis that suggests itself is that 
since the far-red-absorbing form of the pigment is 
the biologically active form (10), it starts a series of 
temperature-dependent events that in 30 to 45 min- 
utes lead to a condition inhibitory to flowering. This 
seems to be the only proposal that agrees with the 
available experimental evidence. Generally the far- 
red irradiation does not completely repromote flower- 
ing even when given immediately after the red (table 
II). The difference between the flowering stage of 
the control plants and that of the far-red-repromoted 
plants is proportional to the duration of time laps- 
ing between the two irradiations, reaching a maxi- 
mum difference after about 30 minutes when the far- 
red treatment completely fails to repromote flower- 
ing (fig 3). 

It seems reasonable to conclude that while the 
pigment is in the biologically-active, far-red-absorb- 
ing form there is a slow build-up of a condition in- 
hibitory to flower initiation. Conceivably this inhibi- 
tory condition could be due to the formation or 
destruction of an inhibitor, or to the production or 
destruction in the presence of the far-red-absorbing 
form of the pigment of a substance that directly or 
indirectly promotes flowering. 


SUMMARY 


The reversible photoreaction previously shown to 
control the germination of light-sensitive seeds and 
the flowering of cocklebur was extended to two short- 
day plants, Biloxi soybean and pigweed, and two 
long-day ones, Wintex barley and Hyoscyamus niger. 

Studies into the details of this photoreaction were 
made with plants of cocklebur and Biloxi soybean. 
Measurement of the treatment stimulus on Xanthium 
was based on 8 stages of the development of the stami- 
nate inflorescence and on soybean on the number of 
nodes bearing flower primordia. 

The action of the red energy was reversible by far- 
red several times during a brief period near the mid- 
dle of the inductive dark period. However, the 
degree of repromotion by far-red decreased with each 
successive red-far-red cycle until finally no repromo- 
tion could be attained. Long exposures to far-red 
were less effective than exposures of 2 to 5 minutes. 
Far-red repromotion of flowering was reduced as the 
duration of darkness between the red and the far-red 
irradiations was increased. Finally, when 30 to 45 
minutes of darkness intervened between the two kinds 
of radiation, no repromotion could be attained. The 
effect of this intervening period of darkness was nul- 
lified by reducing the temperature during that period. 

It is suggested that the far-red-absorbing form of 
the pigment is the biologically active form and causes 
a slow build-up of a condition inhibitory to flowering. 


10. 


11. 


12. 


13. 


14. 


16. 


17. 


18. 


. Briquet, JOHN, ed. 


283 


LITERATURE CITED 


. BortHwick, H. A., Henpricks, S. B. and Parker, 


M. W. Action spectrum for photoperiodic control 
of floral initiation of a long-day plant, Wintex 
barley (Hordeum vulgare). Bot. Gaz. 110: 103- 
118. 1948. 


. BortHwick, H. A., Henpricks, S. B. and Parker, 


M. W. Action spectrum for inhibition of stem 
growth in dark-grown seedlings of albino and non- 
albino barley (Hordeum vulgare). Bot. Gaz. 113: 
95-105. 1951. 


. Bortuwick, H. A., Henopricks, S. B. and Parker, 


M. W. 
Proc. Natl. Acad. Sci., U.S. 38: 929-934. 


The reaction controlling floral initiation. 
1952. 


. Bortuwick, H. A., Henpricks, S. B., ParKer, M. W., 


Tootr, E. H. and Toots, V. K. A reversible photo- 
reaction controlling seed germination. Proc. Natl. 
Acad. Sci., U.S. 38: 662-666. 1952. 


. Bortuwick, H. A. and Parker, M. W. Effective- 


ness of photoperiodic treatments of plants of dif- 
ferent ages. Bot. Gaz. 100: 245-249. 1938. 
International Rules of Botani- 
cal Nomenclature, 3rd ed. Pp. 1-151. Gustav 
Fischer, Jena 1935. 


. Carr, D. J. On the nature of the photoperiodic 


induction. I. Photoperiodic treatments applied to 
detached leaves. Physiol. Plantarum 6: 672-674. 
1953. 


. Downs, R. J. Photoreversibility of leaf and hypo- 


cotyl elongation of dark-grown Red Kidney bean 
seedlings. Plant Physiol. 30: 468-472. 1955. 

Farr, C. H. The origin of the inflorescences in 
Xanthium. Bot. Gaz. 59: 136-148. 1915. 

Henpricks, S. B., BortHwick, H. A. and Downs, 
R. J. Pigment conversion in the formative re- 
sponses of plants to radiation. Proc. Natl. Acad. 
Sci., U.S. 42: 19-26. 1956. 

Kuuparrt, A. K. and Hamner, K. C. The relative 
sensitivity of Xanthium leaves of different ages to 
photoperiodic induction. Plant Physiol. 29: 251- 
257. 1954. 

LiverMaN, J. L., Jounson, Mary P. and Srarr, L. 
Reversible photoreaction controlling expansion of 
etiolated bean-leaf discs. Science 121: 440-441. 
1955. 

Mann, L. K. Effect of some environmental factors 
on floral initiation in Xanthium. Bot. Gaz. 102: 
339-356. 1940. 

Mutspavau, C. F. and Suerrr, E. E. New species 
of Xanthium and Solidago. Field Museum Nat. 
History, Chicago. Bot. Ser. 4: 1-7. 1918. 


. Naytor, F. L. Effect of length of induction period 


on floral development of Xanthium pensylvani- 
cum. Bot. Gaz. 103: 146-154. 1941. 

Parker, M. W. and Bortuwick, H. A. Growth and 
composition of Biloxi soybean grown in a con- 
trolled environment with radiation from different 
carbon-are sources. Plant Physiol. 24: 345-358. 
1949. 

Parker, M. W., Henoricks, S. B. and BorTHwIck, 
H. A. Action spectrum for the photoperiodic con- 
trol of floral initiation of the long-day plant, 
Hyoscyamus niger. Bot. Gaz. 111: 242-252. 1950. 

Parker, M. W., Henoricks, S. B., BorrHwick, H. A. 
and Scutty, N. J. Action spectra for photoperi- 
odic control of floral initiation in short-day plants. 
Bot. Gaz. 108: 1-26. 1946. 





284 


19. Parker, M. W., Henpricks, S. B., BortHwick, H. A. 
and Went, F. W. Spectral sensitivities for leaf 
and stem growth of etiolated pea seedlings and 
their similarity to action spectra for photoperiod- 
ism. Amer. Jour. Bot. 36: 194-204. 1949. 

Pirtncer, A. A. and Hernze, P. H. Effect of light 
on the formation of a pigment in the tomato fruit 
cuticle. Plant Physiol. 29: 467-472. 1954. 

Sarissury, F. B. The dual role of auxin in flower- 
ing. Plant Physiol. 30: 327-334. 1955. 

Sarissury, F. B. The reactions of the photoinduc- 
tive dark period. Plant Physiol. (In press). 

Toore, E. H., Toore, V. K., Borruwick, H. A. and 


PLANT PHYSIOLOGY 


Henpricks, 8. B. Photocontrol of Lepidium sed 
germination. Plant Physiol. 30: 15-21. 1955. 
WattrotH, K. F. W. Monographischer Versuch 
iiber die Gewachsgattung Xanthium. Beitr. Kot, 

1: 228. 1844. 

Wipper, F. J. Die Arten der Gattung Xanthium. 
Repertorium Spec. Nov. Reg. Veget. Beihefte 20: 
1-221. 1923. 

WirnHrow, R. B. Report of the Astrophysical Ob- 
servatory Division of Radiation and Organisms. 
Smithsonian Institution Rept. of Sec. and Finan- 
cial Rept. of Exec. Committee of Board of Regents, 
pp. 46-50. 1954. 


EXOGENOUS SUBSTRATE UTILIZATION AND FERMENTATION 
BY THE POLLEN OF PINUS PONDEROSA! 


HENRY HELLMERS? ann LEONARD MACHLIS 


DEPARTMENT OF Botany, UNIverSITY OF CALIFORNIA, BERKELEY, CALIFORNIA 


The pollen of Pinus ponderosa lives under cir- 
cumstances suggesting that it should be capable of 
absorbing and metabolizing externally supplied carbo- 
hydrate and that it should be a facultative anaerobe. 
The data submitted in this paper indicate that the 
implied capacities are in fact characteristic of the 
growing pollen. 

The question of the use of exogenous carbohydrate 
arises because the time between pollination and fer- 


tilization in pine is unusually long, approximately one 
vear. The pollen (fig 1), shed in the spring, is carried 


by air to the micropyle of an ovule. The exudation 
and subsequent resorption of a drop of liquid pulls 
the grain through the micropyle to the surface of 
the nucellus where the grain develops a pollen tube 
directed into the nucellar tissue. Growth ceases over 
the winter but resumes again the following spring 
when the pollen tube completes its passage through 
the nucellus into the neck of an archegonium where 
it ruptures, releasing the stalk cell and the tube and 
sperm nuclei (1, 3, 4, 9, 13). During this year of 
life the pollen grain develops a relatively long tube 
and presumably respires actively except for the cold 
winter months. On water-agar at 25° C the develop- 
ing pollen becomes moribund after 10 days. In situ 
it must survive much longer and would appear to 
require exogenous food reserves, presumably from 
the nucellus. 

The second question, that of a capacity for an- 
aerobiosis, arises because of the location of the pol- 
len in the nucellus. After pollination the megasporo- 
phylls contract to form a tightly closed cone. In 
addition, the cells on the lower rim of the micropyle 
grow until the opening is completely closed (5). 
Thus, the pollen is doubly encased in a relatively 
massive structure with no obvious access to air. 


1 Received February 28, 1956. 

2 Present address: California Range and Experiment 
Station, U. S. Department of Agriculture, Kerckhoff 
Laboratory of Biology, California Institute of Technol- 
ogy, Pasadena, California. 


MATERIALS AND METHODS 


COLLECTION, STORAGE, AND HANDLING OF POLLEN: 
In May 1948 nonshedding catkins were removed from 
a tree bearing shedding catkins to insure the collec- 
tion of ripe pollen. The catkins were placed in a 
single layer on screens through which passed filtered 
air at 28° C and 45 to 50 % relative humidity. Four 
to 6 days later the pollen and chaff in the traps un- 
der the screens were passed through a 60-mesh screen. 
The clean pollen was stored at 0°C in sealed jars 
containing open test tubes of sulfuric acid to maintain 
a relative humidity of 30% (6, 7, 22). This pollen 
was used between May and September 1949. Over 
this period, the percentage germination decreased 
2% from an initial 90%. Pollen was also collected 
from other trees in 1948 and again in 1949. The be- 
havior of the pollen from the several collections was 
similar to that of the single collection used in the 
experiments reported in this paper. 

Samples of pollen were removed from the jars in 
the refrigerator room with glass divers. Divers con- 
taining 100 to 200 mg of pollen were brought to 
room temperature in desiceators, weighed, emptied, 
and reweighed. Dry weights refer to the pollen as 
described. 

CONTAMINATION: Pollen, collected as described, 
is contaminated with bacteria. All efforts to obtain 
bacteria-free pollen failed. Attempts were made by: 
(a) washing pollen in sterilizing agents including ster- 
ile water, boric acid, merthiolate, ethyl alcohol, mer- 
euric chloride, streptomycin, “Chlorox,” bromine 
water, “Rocecal” (alkyl-dimethyl-benzyl ammonium 
chloride); (b) germinating the pollen on agar that 
had been washed with a sterilizing agent so as to 
leave a thin film on the surface of the agar; and (c) 
germinating the pollen directly in solutions of steriliz- 
ing agents of various strengths. Agents effective in 
killing bacteria also damaged or killed the pollen. 
Attempts were also made to control contamination 
during the process of pollen collection. Unopened 
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catkins were immersed in various sterilizing solutions 
and the pollen then caused to shed under sterile con- 
ditions. Such pollen was still contaminated with bac- 
teria. The sterilizing agents used and the procedures 
followed are described in detail by Hellmers (14). 

Because of the bacteria, manometric experiments 
were restricted to the first 5 hours after wetting the 
pollen. This limitation assured that the gas ex- 
changes measured were those of the pollen and not 
of contaminants. A filtrate taken 6 hours after sus- 
pending 200 mg of pollen in 2 ml of buffer (see be- 
low) had no detectable oxygen uptake. With glucose 
present the normally decreasing rate of CO. evolu- 
tion did not reverse until after 5 hours from wetting 
of the pollen. A number of other tests also indicated 
that bacterial respiration was negligible for at least 
5 hours. 

MANOMETRIC MEASUREMENTS: Gas exchange was 
determined at 25° C in a circular, refrigerated War- 
burg apparatus. Shaking was at the rate of 120 
strokes per minute through an are of 2.5 em. Pollen 
samples of 100 to 200 mg were suspended in 2 ml of 
0.01 M phosphate buffer with or without additional 
solutes at pH 5.6 except for the experiments on malo- 
nate inhibition where the pH was 4.6. 

Dry pollen has no detectable gas exchange. Dur- 
ing the first 15 to 30 minutes after the pollen is 
wetted a release of an unknown gas, not COs, occurs. 
Subsequently, in phosphate buffer the rate of oxygen 
consumption decreases at a constant rate for 2 to 3 
hours and then remains constant for the next 4 hours 
(fig 6). Because of the anomalous gas exchange in- 
itially and the exchange by bacteria after 5 hours, 
respiratory measurements reported are for all or part 
of the second and third hours following the wetting 
of the pollen. 

ANALYTICAL MeEtTHOoDs: Preliminary efforts to 
quantitatively determine ether extractable material, 
sugars, and starch by standard methods failed because 
of incomplete fat extraction from intact pollen and 
losses of sugar during filtration through tale. In the 
procedure finally developed, the sample of pollen was 
placed in a homogenizer of the type described by 
Umbreit et al (21) with a tube capacity of 15 ml and 
a size appropriate for use in the clinical centrifuge. 
The sample was first vacuum dried overnight at 
55°C, then homogenized 5 minutes in 2 to 3 ml of 
anhydrous ether, diluted with approximately 10 ml 
more ether, stirred, centrifuged, and the supernatant 
decanted into a weighing bottle. The process was re- 
peated twice again, the second time with one minute 
homogenization and the third time with none, since 
by then all the pollen was destroyed. The combined 
ether extracts were evaporated to dryness on the 
steam bath and the ether extractable substances de- 
termined gravimetrically. 

The residue left in the homogenization tube was 
next extracted to remove sugars. After drying at 
65°C for 5 minutes and cooling, the residue was 
homogenized in 2 to 3 ml of 80% ethyl alcohol for 
one minute. The homogenate was then made up to 


12 ml with 80% ethyl alcohol heated at 70°C for 
10 minutes and centrifuged. The alcohol extraction, 
without further homogenization, was repeated 3 times 
and the 4 supernatants combined, evaporated to 10 
ml on a steam bath and then analyzed for sucrose, 
glucose, and ketose sugars according to the methods 
of Roe (20), Girogossintz et al (10), and Hassid (11). 

The residue remaining in the tube was extracted 
to remove starch by solubilizing the starch with acidi- 
fied ethyl alcohol, hydrolyzing with amylase, and ex- 
tracting several times with hot water (12). The eom- 
bined extracts were analyzed for reducing sugars as 
above. 


RESULTS 


UtILizATION OF ENDOGENOUS SUBSTRATES: The 
initial content of ether extractable material, sugar, 
and starch of dry, ungerminated pollen is given in 
table I. The values are quite similar to those found 
for pollen of Pinus sylvestris, the European pine (8). 
When the pollen is germinated in a saturated atmos- 
phere at 25°C the substrate for respiration and 
metabolism is almost exclusively sucrose for the first 
48 hours, the concentration of this substance drop- 
ping from 16.4 to 14%; there is at the same time 
and subsequently a slight decrease in the level of 
starch (table I). Anaerobically, in an atmosphere of 
nitrogen purified by passing over hot copper, sucrose 
is again the substrate used; however, the rate of 
utilization is only about half of that in air during the 
first 24 hours. 

The analyses indicate no utilization of fatty sub- 
stances. The fat, however, may possibly be used 
after the first 72 hours of germination. 

The use of starch was determined qualitatively us- 
ing the I,-KI stain. For such observations pollen 
was germinated on 1 % water-agar at 25°C. Under 
these conditions, the pollen tube appears after about 
8 hours. As the tube grows, the starch grains origi- 
nally present (fig 1) migrate down the tube (fig 2). 
After approximately 72 hours the tube contents are 
highly vacuolate with the cytoplasm forming a net 


TABLE | 
ErHer EXTRACTABLE MATERIALS (Fats), SUGARS, AND 
STaRCH IN POLLEN OF PINUS PONDEROSA AS A 
% OF THE INiTIAL Dry WEIGHT 








GERMINATION TIME IN HRS * 


AEROBIC 





SUBSTANCE ANAEROBIC 





24 48 72 24 





% dry wt 


Ether extract ... : 11.14 11.11 1225 12.29 
Ketose sugar ... i 1.04 120 0.89 0.00 
Glucose : 043 0.00 0.91 1.41 
Sucrose x 8.05 144 1.64 11.92 
Starch 26 LW as. SH 1.01 


*Pollen germinated in a saturated atmosphere at 
Cc 


25° 








Fics. 1 to 4. Stages in the germination of pollen of 
Pinus ponderosa on 1% water-agar at 25°C. Stained 
with I-KI. Fic. 1 (left, top). Ungerminated. Fia. 2 
(left, middle). After 45 hrs. Fic. 3 (left, bottom). After 
72 hrs. Fic. 4 (right). After 240 hrs. 


throughout the tube, and the starch content is re- 
duced (fig 3). The pollen continues to live and grow 
for several more days, but after 10 days of growth 
in vitro it becomes moribund as evidenced by the 
excessively thin peripheral protoplast (fig 4) and the 
fact that it collapses upon staining. The latter re- 
sponse is not given by healthy pollen. 

POLYSACCHARIDE SYNTHESIS FROM EXOGENOUS 
SusstraTe: The ability of the pollen to absorb ex- 
ternally supplied carbohydrate was first tested by 
adding 1% solutions of various sugars to starch-free 
pollen obtained by germinating pollen on water-agar 
at 25° C for about 132 hours. Tests for polysaccha- 
ride were made with I,-KI solution 22 and 48 hours 
after adding the sugar solutions. The results for the 
48-hour observation are tabulated in table II -and 
illustrative examples of the responses are shown in 
figure 5. All of the sugars except p- and L-arabinose, 
p-ribose, and D-mannose caused the formation of 
stainable polysaccharide. The results at 22 hours 
were the same except that the grains were reddish or 
reddish blue instead of blue. In the continual pres- 
ence of a usable sugar the pollen makes the same 
growth as in its absence for the first 10 days; how- 
ever, at the end of this period the externally fed pol- 
len is still healthy as compared to the moribund pol- 
len dependent on endogenous food reserves only. 

In a subsequent experiment, to check the previous 
findings, the four nonutilized sugars and glucose were 
added to pollen germinated only 48 hours and thus 
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TABLE II 


THe Errect or DIirrerENT SuGARS ON POLYSACCHARIDE 
SYNTHESIS AND OxYGEN CONSUMPTION BY 
POLLEN oF PINUS PONDEROSA 


I--KI 














Qo, AS % OF 








Sucar REACTION * CONTROL ** R.Q.** 
Control Negative 100 0.85 
p-Xylose Blue grains 109 1.00 
p-Glucose Blue grains 134 0.98 
p-Fructose Blue grains 156 1.04 
p-Galactose Reddish grains 137 0.97 
Sucrose Blue grains 161 1.08 
Maltose Blue grains 113 0.88 
Lactose Blue grains 128 0.96 
Cellobiose Reddish-blue grains 119 0.90 
Raffinose Blue grains 132 1.00 
p-Ribose Negative 101 0.91 
p-Arabinose Negative 104 0.91 
t-Arabinose Negative 107 0.93 
p-Mannose Negative 69 1.02 





* Pollen germinated on 1% water-agar at 25°C for 
132 hours resulting in starch-free pollen. Two days after 
adding 1% solutions of sugars to the 132 hour germi- 
nated pollen, tests were made with I.-KI for polysaccha- 
ride grains. 

** Average ul/mg dry wt xhr at 25° C for the second 
and third hours after placing pollen in 0.01 M phosphate 
buffer at pH 5.6 plus 0.1M sugar. The Qo, of the con- 
trol was 1.86 ul O2/mg dry wt x hr. 


still containing original starch grains. Observations 
48 hours and 120 hours after adding the sugar solu- 
tions showed that: (a) in the presence of glucose 
tube growth continued and the amount of starch 
visibly increased; (b) with p- and L-arabinose and 
p-ribose tube growth continued but the starch disap- 
peared; and (c) D-mannose prevented both tube 
growth and starch disappearance. 
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The effect of adding 1% solutions of sugars 


Fic. 5. 
to starch-free pollen germinated on 1% water-agar at 


25°C for 132 hrs. Pollen stained with I--KI 41 hrs 
after adding sugar solutions: p-glucose (left); cellobios2 
(center) ; p-xylose (right). 
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Tue ErFrect oF ExoGENous SUBSTRATE ON Oxy- 
Gen ConsuMpPTION: The preceding results were fully 
substantiated by the measurement of the effects of 
the same sugars on the oxygen uptake of the pollen. 
Dry pollen, which has no detectable gas exchange, 
was added to 0.1 M sugar solutions in 0.01 M phos- 
phate buffer at pH 5.6. The rate of oxygen con- 
sumption as a percent of that of the sugarless control 
is tabulated in table II. The sugars found active in 
polysaccharide synthesis increased oxygen consump- 
tion from 9 to 61 %; pb- and L-arabinose and p-ribose 
had no appreciable effect; and mannose inhibited res- 
piration. 

In a recent study, O’Kelley (15) found p- and L- 
arabinose, D-ribose, and D-mannose, as well as certain 
additional sugars and sugar derivatives, to inhibit the 
pollen tube growth of Japanese honeysuckle, trumpet 
vine, and tobacco. Okunuki (16) also observed man- 
nose to sharply inhibit the rate of respiration of 
camellia pollen. The toxicity of mannose to these 
pollens merits further investigation since this sugar 
is either readily metabolized by many other organ- 
isms, or is inert. 

THE Errects oF INHIBITORS ON RESPIRATION: As 
shown in table I, carbohydrate is the exclusive endog- 
enous substrate, aerobically or anaerobically, for at 
least the first 24 hours after wetting the pollen. 
Aerobically in phosphate buffer the pollen respiration 
has an RQ of approximately 0.85 (fig 6). Over the 


experimental period of this determination (about 8 


hrs) the pH of the external medium dropped from 5.6 
to 4.0. In the presence of 0.1M sugar such as glu- 
cose, sucrose, and others both the Qo, (ul O2 per mg 
dry weight per hr) and Qgog (ul COg per mg dry 
weight per hr) increase, the latter to a larger extent, 
with the result that the RQ becomes 1.0 (table II). 
Sodium fluoride at a concentration of 0.01 M de- 
creases both the Qo, and Qo, of pollen respiration 
in phosphate buffer by 60 to 70 % (fig 7), with lower 
concentrations being less effective. The addition of 


THE BASIC ATE OF MESPIRATION AT THE STARE AtD THF TERVIMATION OF THE EXPLRINEMTAL PERIOD. 
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Fic. 6. The endogenous aerobic respiration of pollen 
of Pinus ponderosa. Pollen immersed in a 0.01 M phos- 
phate buffer, pH 5.6, 25° C, at zero time. The two de- 
terminations are for the same collection of pollen, the 
first made at the beginning of the study; the last at the 
end of the study. The pollen was stored at 0°C and 
30 % relative humidity. 
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THE EFFECT OF SODITM FLUORIDE AND ADDED PYRUVATE ON THE RATE OF CARBON DIOXIDE EVOLUTION 


ny 


SY 0.001 M. SODITH FLUORIDE 
CONTROL (PYRUVATE ADDED) 

~ 
~* 0.005 M. SODITM FLUORIDE 


CONTROL (NO PYRUVATE ADDED) 
o— — ~* 0.01 M. SODIUM FLUORINE 


ul/mg/hr. CO2 








THE EFFECT OF SODIUM FLUORIDE A'D ADDED PYRUVATE ON THE RATE OF OXYGEN UPIAAS. 


CONTROL (PYR'TVATE ANDED) 
“e 0.001 M. SODIUM FLUORIDE 


COWPROL (NO PYRUVATE ADDED) 


—~ ~©0,005 M. SODIUM FLUORIDE 


wl/mg/hr Oo 


—— — 0,01 Me SODIUM FLUORINE 








Fic. 7. The effect of NaF and pyruvate on the Qo, 
(lower) and the Qco, (upper) of the pollen of Pinus 
ponderosa. Pollen immersed in fluoride dissolved in 
0.01 M phosphate buffer at pH 5.6, 25° C, at zero time. 
Pyruvate (0.02 M) added at time indicated except to the 
control. 


0.02 M sodium pyruvate to fluoride-inhibited pollen 
restores the CO, evolution but is without effect on 
O, consumption, resulting in an RQ of 12.0 with 
0.01 M fluoride. Pyruvate alone increases both the 
Qo. and the Qeo,, the latter more than the former, 
with a consequent RQ of 5 compared to the endoge- 
nous RQ of about 0.85. 

Sodium malonate at concentrations of 0.005, 0.01 
and 0.05 M was noninhibitory at pH 4.6; on the con- 
trary, the highest concentration increased the Qo, 
and Qco, 114 and 125 %, respectively. > 

Sodium cyanide at concentrations of 10+, 105, 
and 10° M inhibited oxygen uptake by 97, 97, and 
92%, respectively. The more specific terminal oxi- 
dase inhibitor, carbon monoxide, used as a gas mix- 
ture of 95% CO and 5% Ox, inhibited oxygen up- 
take 32 % in the dark. The inhibition was fully re- 
versed by light. In contrast, CO, evolution increased 
25% in the dark; this stimulation was also com- 
pletely reversed by light. The over-all effect of the 
dark CO treatment is to raise the RQ from 0.81 to 
1.50. 
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Tue Pasteur Errect: In the absence of oxygen, 
i.e., when the gas phase was oxygen-free nitrogen, ob- 
tained by passing tank nitrogen over hot copper, the 
Qeoy increased 15 to 20% over that in air. 


DISCUSSION 


Early studies of pollen germination and tube 
growth established the necessity of sugar of some kind 
for germination of many pollens while others germi- 
nated in water alone. Whether or not the sugar, 
either in vitro or in situ serves as a food has been 
frequently debated (see O’Kelley (15) for a recent 
historical review). The question is particularly perti- 
nent with reference to the pine pollen because of the 
unusually long period of time between pollination and 
fertilization. The data presented clearly establish 
the capacity of the pine pollen to absorb and metabo- 
lize a variety of mono-, di-, and trisaccharide sugars. 
These are synthesized into polysaccharide and are 
respired. Further, pollen germinated and supplied 
with sugar continues to be active and healthy when 
pollen dependent on endogenous reserves has ob- 
viously begun to die. In a recent study, O’Kelley 
(15) found that a variety of sugars were as effective 
as sucrose for the germination and pollen tube growth 
of the pollen of Japanese honeysuckle, trumpet vine, 
and tobacco. More significantly, he showed that 
when radioactive glucose, fructose, or sucrose was 
supplied to the pollen of trumpet vine, the respira- 
tory CO, became labeled thus demonstrating that the 
exogenous sugar was absorbed and metabolized. 

It is a presumption that pine pollen or any other 
pollen uses exogenous substrate in situ. However, 
Coulter and Chamberlain (4) observed starch grains 
in pollen tubes dissected from Pinus lavicio one year 
after pollination. Since the present study shows the 
endogenous starch to disappear in a few days, and 
since pine pollen germinates and grows immediately 
after pollination as well as the next spring, it would 
appear that starch grains could be present after a 
year only if exogenous substrate were used. 

The data also establish the fermentative capacity 
of the pine pollen. Anaerobically, endogenous sucrose 
decreases substantially in concentration. When pyru- 
vate is added to fluoride-inhibited pollen the RQ in- 
creases from 0.85 to about 12.0 indicating decarboxy- 
lation rather than oxidation of the pyruvate. Carbon 
monoxide also causes an increase in RQ. Finally, 
there is a Pasteur effect of about 15 % calculated ac- 
cording to Burk (2). If, as was suggested in the in- 
troduction, the pollen tube in situ becomes morpho- 
logically isolated from oxygen, these data indicate 
that it is endowed with the necessary enzymatic sys- 
tems for anaerobic existence. 

When respiratory inhibitors fail to elicit typical 
responses the interpretation of results in terms of 
specific metabolic pathways becomes highly specula- 
tive. The most certain detailed conclusion to be 
drawn from this part of the study is that oxidation 
is mediated by metallo-protein enzymes as evidenced 
by the complete inhibition of O. uptake by cyanide. 


It may further be concluded that at least about 30“ 
of the oxidative pathway is via a heme-porphyrin sy -- 
tem, the specific point of action of light reversed car- 
bon monoxide inhibition. 

Okunuki (16, 17, 18, 19) made an extensive study 
of pollen metabolism, using mostly lily pollen, but 
occasionally that of Pinus densiflora. With the latter 
he observed a 73 to 89 % inhibition of oxygen uptake 
by 0.0001 to 0.001 M KCN and a 32% inhibition 
with a carbon-monoxide-oxygen gas mixture (19:1) 
indicating similar terminal oxidase systems to those in 
Pinus ponderosa pollen. 

Fluoride typically inhibits enolase. The failure of 
pyruvate to reverse the effect of fluoride on the Qo, 
of the pollen makes possible several interpretations 
none of which can be established as correct without 
further study. Similarly, the failure of malonate to 
inhibit, even though it was absorbed, makes positive 
conclusions impossible. It would be of interest to 
attempt to establish the presence of a typical Krebs 
cycle by isolation and characterization of mitochon- 
dria or by following the pathway of labeled acetate. 

The low endogenous RQ of 0.85 is also difficult to 
explain explicitly since the analyses show sucrose to 
be plentiful and to disappear while fatty substances 
are untouched. It seems unlikely that protein would 
be oxidized in such a system. Possibly during the 
first few hours after wetting the pollen there is a 
priming of the respiratory system involving incor- 
poration of CO, by carboxylation and that such 
priming is circumvented when the system is flooded 
with sugar. 


SUMMARY 


The dry pollen of Pinus ponderosa contains 
11.17 % fatty substances (ether extract), 0.23 % ke- 
tose sugar, 1.14% glucose, 16.40% sucrose, and 
1.29% starch. During germination the only signifi- 
cant change is a decrease in sucrose. 

Soon after adding 1% solutions of p-xylose, p- 
glucose, p-fructose, p-galactose, sucrose, maltose, lac- 
tose, cellulose, and raffinose to starch-free germinated 
pollen, I,-KI-stainable polysaccharide was detected. 
p-Ribose and p- and t-arabinose were without effect 
while p-mannose stopped growth. The active sugars 
increased the Qo, of the pollen over the sugarless 
control; the inactive sugars had no effect while man- 
nose decreased the Qo,. 

During the second and third hours after wetting 
the pollen the RQ is 0.85. Most of the active sugars 
increase the RQ to 1.0. Fluoride decreases the Qo, 
and Qcos. Pyruvate reverses the Qco, inhibition but 
is without effect on the Qo,. Malonate, rather than 
being inhibitory, stimulates both the Qo, and Qoos. 
Oxygen uptake is completely suppressed by cyanide. 
Carbon monoxide in the dark depresses the Qo, and 
stimulates the Qco,. Light completely reverses both 
effects. There is a 15 % Pasteur effect. 

It is concluded that the pollen can metabolize ex- 
ternally supplied carbohydrate and that it can fer- 
mentatively utilize endogenous sucrose. These ca- 
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pacities are discussed in relation to the in situ life 
history of the pollen. 


The authors appreciate the aid of Dr. Duffield, 
formerly of the United States Forest Service, for help 
in obtaining the pollen and are indebted to Mr. W. 
Hirano of the Department of Botany, University of 
California at Berkeley for translating the Japanese 
papers by Okunuki. 
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RESPONSE OF THE HYPOCOTYL HOOK OF BEAN SEEDLINGS 
TO RADIANT ENERGY AND OTHER FACTORS? 


WM. H. KLEIN, R. B. WITHROW anp V. B. ELSTAD 


SMITHSONIAN INSTITUTION, WASHINGTON, D. C. 


One of the characteristic morphogenic responses of 
dicotyledonous plants to visible radiant energy is the 
straightening or opening of the stem hook in the seed- 
ling stage. During germination in complete dark- 
ness, a hook develops in the hypocotyl which progres- 
sively moves into the epicotyl. In darkness this hook 
does not disappear up to the time the cotyledonary 
food reserves are exhausted in Black Valentine and 
Red Kidney bean seedlings. However, if the seedlings 
are exposed to low levels of red radiant energy, the 


1 Received February 28, 1956. 

2 Published with the approval of the Secretary of the 
Smithsonian Institution. 

3 Research was supported in part by funds provided 
by U. S. Atomic Energy Commission Contract No. AT 
(30-1)-1133. 


hook opens completely within several days (5). This 
paper deals with the various factors which influence 
the opening of the excised hypocotyl hook of the bean 
seedling and its usefulness as a quantitative test organ 
for studies of the action spectrum and the kinetics of 
photomorphogenesis. 


MATERIALS AND METHODS 


Seedlings of Phaseolus vulgaris, var. Black Valen- 
tine, were grown in darkness in a subirrigated, gravel- 
culture chamber, in a constant condition room main- 
tained at 25° C and 70 to 80 % relative humidity (5). 
No nutrient solution was used since tap water pro- 
duced seedlings as uniform as any inorganic solution 
tried. The plants were harvested at 6 days from 
seeding and were selected for a uniform hook angle of 
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Fic. 1. Typical 6-day-old Black Valentine seedlings 
grown in gravel culture at 25°C. Arrows indicate the 
points at which the hook was excised. 


zero degrees and a length of 15 +1 em. Only those 
with the hypocotyl doubled back and paralleled to 
itself (zero degree angle), as shown in figure 1, were 
used. The upper 2.5-cm section of the hypocotyl was 
excised and the terminal portion, including cotyledons, 
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Fic. 2. Cutting template used over the green safe- 


light for selecting bean seedlings and excising the hook. 


leaves and buds, was removed unless otherwise noted. 
The length of the shorter segment of the hook was 
0.5 cm. 

The seedlings were selected and cut on a green 
safelight unit consisting of two 15-watt green fluores- 
cent lamps mounted in a box faced with two panes of 
glass, between which were a green gelatin filter and 
two diffusing sheets of tracing paper. The seedlings 
were selected on the right hand grid and excised on 
the left hand grid of the template shown in figure 2. 
The grids were made symmetrical so as to permit 
working from either side of the safelight table. The 
filter transmitted between 500 and 550 my, with a 
peak at 525 my; the illumination was about 0.1 fe. 
An exposure of 60 minutes to the safelight unit pro- 
duced no measurable opening of the hook from 6-day- 
old seedlings. In most cases the actual exposure time 
was less than 3 minutes. The safelight unit and the 


formulation of the green filter are to be described in 
detail elsewhere. 





Fic. 3. Dark and irradiated hooks at the end of a 
20-hr development period at 25°C. The angles of the 
control hooks kept in complete darkness are unchanged, 
although the hypocotyl developed an upward geotropic 
curvature, causing some of the hooks to bend away from 
the paper surface. Those on the right were exposed con- 
tinuously for a period of 20 hrs to 0.1 uw/em?* of red 
energy 625 to 700 mu. The hooks opened about 65°. 
For experimental purposes the hooks were placed on 
white filter paper; the black paper shown was used only 
for photographing. 
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Fic. 4. Hook-measuring protractor indexed in 5° 
units. The upper part of the long leg of the hook was 
placed parallel to the line grid and moved across the 
grid until the short portion was parallel to one of the 
angles indicated. The data were recorded in terms of 
the 5° units of angle. By subtracting the recorded angles 
from 180°, the plus (opening) and minus (closing) values 
were determined. 





























































































































Fifteen to 20 hooks were placed on filter paper in 
15-em Petri dishes containing 35 ml of distilled water. 
Typical dark and red-irradiated hooks at the end of a 
20-hour development period are shown in figure 3. 
All hook angles were measured with the special circu- 


lar protractor, indexed in 5° units (fig 4). In all 
tabulated data, a completely opened hook is indicated 
by a value of 180°, whereas a zero-degree angle repre- 
sents the initial condition. In order to measure a hook 
angle, the upper portion of the longer leg of the hook 
was kept parallel to the line grid and moved across 
the protractor until the short leg was parallel to one 
of the radial lines. The average protractor readings 
multiplied by 10 for each dish were then subtracted 
from 180° to obtain the hook angle. This procedure 
eliminated the need of working with plus and minus 
values of angles when recording data. The tabulated 
positive angles indicate hook opening; negative values 
indicate hook closing. 

Schneider (4) and Jacobs (3) have reported that 
additions of sugar to the media were either ineffective 
or inhibitory to growth of Avena-mescotyl and bean- 
hypocotyl sections respectively; these results are con- 
firmed in so far as the opening of the bean hypocotyl 
is concerned. Buffers, mineral nutrients and combina- 
tions of them decreased the photoresponsivity, as com- 
pared to distilled water. Therefore, distilled water 
was used as the medium in all experiments reported 
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here except where low concentrations of test sub- 
stances were added. 


RESULTS AND DIscUSSION 


EFFECT OF TERMINAL OrGANS: The effect of the 
terminal organs (bud, leaves and cotyledons) on the 
hook response was obtained by placing dishes of hooks, 
with various combinations of organs present, in com- 
plete darkness and exposing to red energy (625 to 700 
mu) of 1.0 pw/em?. The results given in table I are 
the averaged data for two independent experiments. 
The responsivity of the hook to red energy is mark- 
edly reduced by the presence of any of the terminal 
organs. The smallest opening response was obtained 
with an intact hook containing bud, leaves and coty- 
ledons, and the maximum response was obtained when 
all terminal organs were removed. The cotyledons 
were more active than the bud and leaves in inhibiting 
the hook opening. The presence of the cotyledons in 
complete darkness produced an appreciable closure of 
the hook as evidenced by the negative angles of open- 
ing. These results indicate that the terminal organs, 
particularly the cotyledons, provide a diffusible sub- 
stance which causes the hook to tend to close. This 
response is opposite to that of the photoreaction. It 
will be shown later in this discussion that additions of 
low concentrations of indoleacetic acid to the culture 
medium produce an effect similar to that of the termi- 
nal organs. It can be speculated that these organs 
supply a diffusible auxin to the hook, which reduces 
its responsivity to red energy. 

AGE OF SEEDLING: Hooks were excised from seed- 
lings of 4, 5, 6 and 7 days of age to determine the 
most suitable stage for testing. Table II gives the 
results of the averages of three dishes for each age. 
The responsivity to red energy in terms of rate of 
opening per unit of incident energy increased with 
age. As the seedlings became older, the hook moved 
up the stem and by 7 days some of the hooks were in 
the epicotyl. Therefore, in all subsequent experiments, 
6-day-old seedlings grown at 25° C were used to pro- 
vide excised hypocotyl hooks. 

TimeE-CoursE oF Hook OpeNING: The time-course 
of the hook opening was determined by placing 10 


TABLE [ 


Errect oF TERMINAL ORGANS ON THE ANGULAR 
RESPONSES OF THE Hypocotyt Hook or 
Srx-Day-O_p BEAN SEEDLINGS 








ANGLE OF OPENING 
IN DEGREES * 


Rep ** 


ORGANS PRESENT 





Dark 





Hook + bud, leaves and cotyledons 
Hook + cotyledons 

Hook + bud and leaves ........... 
Hook + bud 

Hook alone 





* Averaged data for 40 hooks (2 replications). Devel- 
opment time: 20 hours, 25° C. 
** Red irradiance of 1.0 uw/cm?, 625 to 700 mu. 





TABLE II 


RESPONSE OF THE Hypocotyt Hook or BEAN AS A 
FUNCTION OF SEEDLING AGE * 








ANGLE OF OPENING 


NO. OF REPLICATIONS oe 
IN DEGREES 


AGE IN DAYS 





6 
3 


SID Ore 

N > > dO 

SLSS 
I+ I+ 


* Red irradiance of 1.0 nw/cm?, 625 to 700 mu; devel- 
opment period, 20 hours. 

** Standard error is given only for the 5- and 6-day 
hooks where 4 replications of 20 hooks each were used. 





dishes in a dark cabinet and exposing 10 others to a 
red irradiance of 0.1 »w/em?. At intervals of 8 hours, 
one dish each was removed from the dark and red 
cabinets and the hook angles measured. The data 
plotted in figure 5 show that in complete darkness 
there was a lag period of from 16 to 24 hours before 
hook opening began. Thereafter, the unhooking pro- 
ceeded at a relatively constant rate, reaching approxi- 
mately 180° after about 80 hours. For those hooks 
exposed to the red, the lag phase was much shorter, 
being about 4 hours, and the rate of unhooking was 
considerably greater as evidenced by a steeper slope 
of the time-course curve. Red energy markedly de- 
creased the length of the lag phase and increased the 
rate of opening. 

TEMPERATURE: The temperature response is given 
graphically in figure 6. The data for these curves 
were obtained by allowing the hooks to develop for a 
period of 24 hours in either complete darkness or ex- 
posed continuously to a red irradiance of 1 pw/cm? at 
a series of six temperatures, ranging from 10° to 35° C. 
Three replications were made at each temperature and 
the average data plotted; the vertical bars show the 
range of variation between the maximum and mini- 
mum results of all experiments performed. A 24-hour 
development period permitted the hooks in complete 
darkness to open to a measurable angle. The opti- 
mum temperature for the red-irradiated hooks was 
25° C, while the optimum for those kept in complete 
darkness was 30°C. On the basis of these data, a 
constant temperature of 25° C was used in all subse- 
quent experiments. ’ 

Rep IRRADIANCE: The response to incident red 
irradiance was determined by exposing hooks to vari- 
ous irradiances for a period of 20 hours. Two sets of 
data are shown in figure 7; one determined in 1953 
and a second determined in 1954 with a new crop of 
seed. The results are plotted on a log scale of irradi- 
ance. The angle of opening was proportional to the 
logarithm of the red irradiance (625 to 700 my) over 
the range of 0.001 to 10 ww/cm?. The data for the 
two separate years were quantitatively consistent. 
This was one measure of the reproducibility of the 
hook response in the Black Valentine bean. A second 
test of reproducibility was established by repeating 
identical treatments as parts of other experiments 
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Fic. 5. Time-course of opening of excised hypocotyl 
hooks in complete darkness and exposed continuously to 
red energy of 0.1 uw/cm* at 25°C. The vertical bars 
indicate the range of maximum and minimum variations 
of all experiments on time-course. The hooks kept in 
complete darkness did not begin to open until about 20 
hrs from the time of excision. The red-exposed hooks 
began to open at about 4 hrs. 

Fic. 6. Temperature response of dark and red-irradi- 
ated hooks (625 to 700 my, 1.0 uw/em*). The develop- 
ment period was extended to 24 hrs in order to obtain 
appreciable opening of the dark hooks. 

Fic. 7. Effect of red irradiance on the hook opening 
response. The data for the crosses were determined in 
1953 and those for the circles in 1954. The angle of 
opening is approximately proportional to the logarithm 
of the irradiance. 
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over a period of 4 weeks. During this time a total of 
400 hooks were treated with red energy at 2 pw/cm?. 
The average response was 111°, with a standard error 
of the mean of + 3°. 

Hooks exposed for a few minutes of high intensity 
red energy and then allowed to develop in darkness 
for 20 hours open in the same manner as when ex- 
posed to continuous red energy. However, if, follow- 
ing the red exposure, the hooks are exposed to far-red 
energy, the effect of the first treatment is almost com- 
pletely nullified. This can be repeated several times 
with the ultimate response determined by the last 
exposure. This promotion and blocking or reversal 
process is similar to that obtained with the germina- 
tion of lettuce seed (1). 

AuXINS AND Rep Enercy: The relationship be- 
tween 3-indoleacetic acid (IAA) and red energy is 
presented graphically in figure & for concentrations of 
IAA from 10-8 to 10° M and red irradiance (625 to 
700 mp) from 10% to 10 pw/em?. In complete dark- 
ness, [AA caused closure of the hook, which increased 
in magnitude with concentration. All concentrations 
of IAA decreased the resultant effect of the photo- 
reaction. This is consistent with the findings of Gal- 


ET AL—-RESPONSE TO RADIANT ENERGY 








293 


‘ 


ston (2) that the sensitivity of the pea epicotyl to 
IAA was reduced by preirradiation of the seedling 
with red energy. Low concentrations of IAA between 
10-8 and 10*M do not alter either the linearity of 
the opening response to the log of irradiance or the 
slopes of the curves above a 10° opening value. Be- 
low a 5 to 10° angle of opening, the response is not 
a linear function of the log of irradiance or energy. 
Since the two stimuli are opposing in the hook-open- 
ing response, each value of hook angle can be obtained 
by an infinite series of combinations of IAA concen- 
tration and irradiance. The excised hypocotyl hook 
can be used as an auxin assay by placing the hooks in 
the unknown extract of auxin and exposing to red 
energy of about 10 ww/cm?. Under these conditions 
the auxin concentration expressed as moles per liter of 
IAA can be evaluated from the reduction in hook 
angle as compared to a water control. Concentrations 
as low as 10-® M can be detected by this assay. 


SUMMARY 


A method for the quantitative measurement of the 
photomorphogenic response of plants is presented, 
using the hypocotyl hook of bean seedlings. Varia- 








110 


(degrees) 
roa) N @ o ro] 
ro) ro) ro) ° o 
| | ] . / 


hook opening 


of 















Molar conc. 





















Lo 
© Y ¥ 
(dark)e e ae 
-10 F Pee 
a — a. 
-20 , n | | | a 4 i 1 
) 107° 107” 107° 1io"* oO 001 0! A 1 10 


Indoleacetic acid conc. (mole/liter) 


Red irradiance , 625-700 mp (pw/cm2) 


Fig. 8. Effect of various combinations of red irradiance and IAA concentrations on the opening of the bean 
hook. The family of curves on the left present the angle of hook opening as a function of the logarithm of the 


molar concentration of IAA for various red irradiances. 
hook opening as a function of red irradiance for various IAA concentrations. 
irradiance and IAA concentrations for the complete 20-hr development period. 


Curves on the right present the same data plotted with 
The hooks were exposed to the red 
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bility is small and the response to red radiant energy 
is very reproducible. The material is easy to handle 
and manipulate. The assay is reliable between 10-* 
pw/cm? and 10 pw/em? of red (625 to 700 mp) and 
the photoresponse is directly proportional to the loga- 
rithm of the irradiance. 

The technic consists of excision of the hook from 
6-day-old seedlings of Black Valentine bean and expo- 
sure to red energy (625 to 700 my). The angle of 
hook opening is a quantitative measure of the photo- 
morphogenic effect. The presence of bud, leaves or 
cotyledons, particularly the latter, causes an effect 
opposing the photoreaction, as does also 3-indoleacetic 
acid. 

The photoresponse increases with age of the seed- 
ling up to seven days, but at this age the hook has 
progressed up the stem close to the cotyledonary 
node; therefore, 6-day-old seedlings were found most 
suitable. In complete darkness no opening could be 
observed for 16 to 24 hours following excision; with 
red energy, the lag period was 4 hours and the subse- 
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quent opening was at a markedly increased rate as 
compared to the dark. The maximum opening in ‘he 
red occurred at 25° C; in the dark at 30° C. 
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SOME FACTORS AFFECTING ABSORPTION AND TRANSLOCATION 
OF ZINC IN CITRUS PLANTS ?? 


E. F. WALLIHAN ano L. HEYMANN-HERSCHBERG 3 
DEPARTMENT OF SOILS AND PLANT NutrITION, UNIVERSITY OF CALIFORNIA 
Citrus EXPERIMENT StaTION, RIveRSIDE, CALIFORNIA 


Zine deficiency occurs almost universally in citrus 
plants. In its more severe stages this disorder seri- 
ously reduces tree growth and fruit production. Soil 
treatments have not been altogether successful in 
solving this problem. Foliar sprays of zine are com- 
monly used in the form of oxide, sulfate, hydroxide, 
or carbonate, materials which are frequently incorpo- 
rated in sprays applied for pest control purposes. 
Variability of results raises a number of questions 
concerning factors affecting absorption and transloca- 
tion of zinc. The experiments reported here served 
to identify some of these factors and suggest proce- 
dures for additional experiments. The variables studied 
were the following: 1) placement of material on 
leaves, 2) leaf age, 3) concentration of zine used, 
4) leaf vs. root application, and 5) amount and 
chemical form of zine applied to soil. 


MATERIALS AND METHODS 


In these studies the radioactive isotope zine-65 was 
used as a tracer in following the movement of zinc in 
citrus plants. At the time of shipment the solution 


1 Received March 13, 1956. 

2 Paper No. 903, University of California Citrus Ex- 
periment Station, Riverside, California. 

3 This work was done while the second author was in 
the United States as a Fellow of the Institute of Inter- 
national Education. Present address: Agricultural Re- 
search Station, Rehovot, Israel. 


contained 3.78 mg Zn per me, in the form of ZnClo. 
In this report, the symbol Zn* is used to denote a 
mixture of Zn® with the naturally occurring isotopes. 
Concentrations of Zn® are expressed in terms of ac- 
tivity at the time of shipment. The experiments 
covered a span of approximately one half-life (250 
days). 

Elapsed time between treatment and harvest is 
indicated in the description of each experiment. 

Three types of plants were used: 1) 3-year-old 
navel orange trees growing out-of-doors in solution 
cultures; 2) Koethen sweet orange seedlings, 15 to 25 
em tall, grown in the greenhouse in solution cultures 
or in pots of soil; 3) rooted cuttings of Eureka lemon, 
15 to 25 em tall, grown in the greenhouse in solution 
cultures. 

Except where otherwise noted, nutrient solutions 
were maintained in the pH range 4.0 to 4.5. Their 
composition was the same as that reported for previ- 
ous studies (3). All plants were adequately supplied 
with zine prior to the time of treatment. 

PREPARATION OF PLANT MATERIAL FOR ANALYSIS: 
In a preliminary study it was found, in agreement 
with Smith et al (1), that a solution of Dreft deter- 
gent acidified to 0.3.N with HCl was more effective 
in removing zine applied to the leaf surface than was 
Ivory soap or a 10 % solution of sodium ethylene dia- 
mine tetra-acetate (NaEDTA) adjusted to pH 5. 
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Acid-detergent solution was therefore adopted as a 
standard washing material in these experiments. 

Ashing was done in an electric muffle furnace at 
500° C. The ash was dissolved in dilute HCl, dried, 
taken up with a few drops of HCl, diluted to volume, 
and filtered. 

Assay For Raproactiviry: Autoradiograms were 
made by pressing dried plant materials against East- 
man Industrial (Type K) x-ray film. Duration of 
exposures was from 12 to 15 days. 

A glass-walled dipping counter was used for radio- 
activity counts. Time required for 3200 counts was 
recorded, and this value was referred to a similar 
count on a reference solution of Zn® to correct for 
decay. 

MEASUREMENT OF ZINC ABSORPTION: Absorption 
of zine resulting from applications to leaf surfaces was 
measured in two ways, each with its uncertainty. 
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1) Leaves were washed with acidified detergent to re- 
move surface residue; the zinc that remained was 
assumed to have been absorbed. This assumption is 
in error to the extent that zinc was retained by wax, 
cuticle, or cell walls, all unknown quantities. Further- 
more, removal of part of the applied material made 
it difficult to measure the total amount applied. 2) 
Where single-drop applications on leaves were made, 
the surface residue was eliminated in some cases by 
removing, with a punch, a circular disc of 1 cm? area 
which included the spot to which zine solution had 
been applied. Thus, only zine which was translocated 
from the point of application was considered to have 
been absorbed. Although the method is in error by 
the amount of zinc that was absorbed but did not 
move beyond the 1 em? area, it provides assurance 
that all zine measured had been absorbed. This 
method also served to prevent the halo effeet in auto- 
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CYCLE NUMBER 


Fic. 1 (above). 


Autoradiograms of orange leaves to which drops of Zn* solution were applied at various loca- 


tions on the upper surface: A, midrib near tip; B, midrib center; C, midrib near base; D, lateral vein; E, Meso- 
phyll near tip; F, mesophyll center; G, mesophyll near base; H, near leaf margin (1/3 natural size). Leaves were 
harvested at 3 days. Those in top row were washed in acidified detergent; those in second row in a 10% solution 


of Na.EDTA (Expt 2). 


Fic. 2 (below). Autoradiograms of lemon leaves in successive growth cycles, after single-drop applications of 


Zn* (2/3 natural size). 


Leaves were harvested at 3 days. 


Halo was eliminated by removing part of leaf to which 


Zn* had been applied. Exposures of leaves from cycles 1 to 3 were blank, indicating no translocation from point of 


application (Expt 4). 
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radiograms that results from local high activity. Total 
activity applied can be closely estimated from the 
sum of counts on the leaf and on the dise that was 
removed from it. 


EXPERIMENTAL PROCEDURES AND RESULTS 


EXPERIMENT 1: Several leaves of uniform age and 
size were selected for treatment on a single 3-year-old 
navel orange tree. Treatments consisted (a) of single- 
drop applications of Zn* solution (approx. 0.04 ml), 
and (b) of spreading Zn* solution over one lateral 
half of the leaf. Both types of treatment were tested 
on both upper and lower sides of the leaves. Each 
leaf received approximately 3 pgm of zine having 
activity of 0.8 pe. The leaves were harvested 3 days 
after treatment. Amounts of Zn* absorbed were 
calculated from the counts. 

Results, which are summarized in table I, indicate 
that the zine was absorbed equally well through the 
upper and lower surfaces of the leaves. This opposes 
the hypothesis that zine enters primarily through the 
stomata, which occur on the lower side only. Turrell 
(2) has already suggested that aqueous solutions can- 
not penetrate citrus leaves by way of the stomata, 
and has discussed the possibility of a pathway through 
wax canals in the cuticle. 

The data also show that absorption was less effec- 
tive when the applied zinc was spread over a con- 
siderable area of leaf surface. This suggests that 
penetration and movement of zinc in leaves is a func- 
tion of the concentration applied per unit area. 

EXPERIMENT 2: Single-drop applications of Zn* 
solution were made at various positions on the upper 
surfaces of leaves. Duplicate leaves were used for 
each treatment but they were washed by different 
methods, one with acid detergent and the other with 
NaEDTA. The leaves were harvested 3 days after 
treatment. The autoradiograms of the leaves are 
shown in figure 1. 

Most of the autoradiograms of leaves washed with 
acid detergent have a smaller halo than those washed 
with chelating agent; this in in agreement with previ- 
ous tests on efficacy of washing procedure. 


TABLE [| 


Zinc ABSORBED THROUGH LEAF SuRFACES (Expt 1) 








Zn* REMAINING AFTER ACID-DETERGENT 
WASH 
METHOD OF - _ 
APPLICATION LEAF SURFACE TREATED 











Upper Lower Av. 

ugm ugm ugm 

Single drop .... 1.77 1.60 1.69 
Spread over leaf 

surface ...... 0.39 0.18 0.28 








Results of F test: Upper vs lower surfaces—not sig- 
nificant. 
1% level. 


Drop application vs spreading—Significant at 
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TABLE II 


DISTRIBUTION OF Zn* IN ORANGE PLANTS AT Two PeErRiops 
AFTER APPLICATION OF Zn*Cl. SOLUTION TO YOUNG AN) 
Mature Leaves or Equat Sizes (Expt 3) 


Days Zn* IN PLANT PARTS AT HARVEST * 
AGE = Scania hy SS a 7 
yas TWEEN JEAVES STEM 
TREAT- — Seemed aia 
TREATED oe © o . TREATED 
LEAF — s S A Roots LEAF 
AND 4 = = = 
HARVEST 54 5 a 5 
ppm ppm ppm ppm ppm ppm 
Young 5 0.007 0.001 0.002 0.02 0.02 24 
54 ~O01 0.04 0.06 0.04 0.03 18 
Old 5 60.00 0.004 0.00 0.02 0.009 47 


54s :0.08 


0.02 0.04 0.05 0.04 28 





+ Each figure is the mean value for 4 plants. Calcu- 
lated from counts following application of known specific 
activities. 

The autoradiograms also show that the amount of 
absorption and translocation is related to the locus of 
application. Maximum translocation of zine occurred 
when it was applied near the middle of the leaf. 
Least translocation resulted from application at the 
leaf margin. 

EXPERIMENT 3: Sixteen Koethen orange seedlings 
growing in solution cultures were selected for uni- 
formity. One leaf on each plant was dipped into a 
solution of Zn*Cl, (having activity of 20 pe/ml) to 
which Vatsol spreader had been added at the rate of 
0.02%. All the treated leaves were of similar size, 
but half of them were young leaves and the other half 
were mature (old) leaves. Half of the plants in each 
group were harvested at 5 days and the remaining 
plants at 54 days. These samples were not washed. 
From the activity counts the amounts of zine applied 
and translocated were calculated. Results are given 
in table IT. 

It is apparent that less zine adhered to the young 
leaves than to the old leaves but that a higher per- 
centage of it was absorbed and translocated to other 
parts of the plant from the young leaves (17 %) than 
from the old leaves (10%). Initial translocation (5 
days) from mature leaves was predominantly toward 
older leaves, whereas translocation from young leaves 
resulted in distribution throughout the plant. Over 
a longer period, however, the distribution was about 
the same in both cases and showed a strong tendency 
for accumulation of the zine in young leaves. Sub- 
stantial quantities were also transferred to the roots. 

EXPERIMENT 4: One leaf in each growth cycle * on 
a rooted cutting of Eureka lemon received a single- 
drop application of Zn*Cl, solution at 38 pgm Zn and 


4 Citrus trees in the field commonly complete 2 or 3 
cycles of shoot elongation in a year; under greenhouse 
conditions as many as 6 or 7 cycles may occur. The 
term “growth cycle” is a colloquialism which refers to 
the portion of a shoot produced during one cycle. It is 
used here for want of a better term. 
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10 pe per ml. In this case the size of the drops was 
redueed to approximately 0.01 ml in order to reduce 
the tendency toward spreading or running. It was 
applied to the mesophyll about midway between the 
midrib and margin. Three days later the leaves were 
harvested, and the treated areas removed with a 
punch. 

The autoradiograms (fig 2) show a clear tendency 
for greater spread of zine into the mesophyll when 
applied to younger leaves. 

EXPERIMENT 5: To compare distribution of zinc 
applied to leaves with that applied to roots, four 
2-liter solution cultures were set up, each with 3 
Koethen orange seedlings. To each of two of the cul- 
tures, 0.1 me of Zn*Cl, was added to the solution. 
Plants in the other two cultures received leaf applica- 
tions as follows: five leaves about midway between 
root and tip of each plant were painted on the upper 
surface with a solution of Zn*Cl,, each leaf receiving 
about 0.1 ml of a solution containing 20 y»c/ml. 
Plants were harvested 5, 10, and 119 days after treat- 
ment. Table III gives the amounts of zine trans- 
located, based on radioactivity found in the various 
plant parts. Figure 3 shows the distribution of radio- 
active zine in leaves of various ages, following 10-day 
absorption of zine through the roots. 

In spite of wide differences in behavior among 
individual plants, two observations seem noteworthy, 
based on data in table III: 1) the distribution of Zn* 
in the plant tops after 119 days was about the same 
whether it was absorbed by leaves or by roots; 2) the 
rate of absorption and translocation was relatively 
constant. 


TABLE III 


DISTRIBUTION OF Zn* IN ORANGE PLANTS AT VARIOUS 
PERIODS AFTER APPLICATION TO LEAVES AND 
Roots (Expr 5) 





MIcrocraMs Zn* IN PLANT PARTS 7 





DUPLICATE DAYS AFTER DAYS AFTER 








PLANTS APPLICATION TO LEAVES APPLICATION TO ROOTS 
5 10 119 5 10 119 
Leaves (not including treated leaves) 
1 0.00 008 12 1.1 15 44 
2 0.05 0.02 09 005 22 32 
Stems 
1 0.07 O11 O08 12 44 16 
2 0.09 0.08 06 0.4 38 19 
Roots 
1 1T | t tt TF 
2 tT 1 t2 TT TT: TF 
Daily average absorption by aerial portions of plants 
1 0.04 0.02 0.02 0.5 0.6 0.5 
2 0.03 0.01 0.01 0.09 06 0.4 





7 Calculated from counts following application of 
known specific activities. 
tt Not determined. 
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Fig. 3. leaves showing 


Autoradiograms of orange 
distribution of Zn* following absorption for 10 days 


from nutrient solution (2/3 natural size). Leaves shown 
are from 3 age groups with the youngest at the top 


(Expt 5). 


EXPERIMENT 6: As a preliminary test of availa- 
bility of zine applied to soil, two zine concentrations 
were compared in the forms of chloride and chelate 
(EDTA). The soil was a potting mixture made up 
of peat moss and a residual hillside soil of granite 
origin. This mixture was put into twelve 3-gallon 
glazed earthenware pots, in which Koethen orange 
seedlings were planted on October 21, 1953, one plant 
per pot. They were kept in the greenhouse there- 
after. On March 5, 1954, eight of the pots containing 
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© © 900g.Zn per acre 


63 g.Zn per acre 
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Fic. 4. Distribution of Zn* in surface 3 cm of soil 
after application of Zn*Cl. and Zn*EDTA at two rates 
(Expt 6). 


the most uniform plants were selected for treatment. 
All materials were added in solution in 200 ml of 
water applied to each pot. Four treatments, each 
applied to duplicate pots, consisted of Zn*Cl, and 
Zn*EDTA, each at rates of 0.7 and 10 mg of zine per 
pot. Activity in each case was the same, approxi- 
mately 0.2 me. 

After 10 days all plants were harvested by cutting 
the stems at the soil surface. Leaves were washed, 
dried, and autoradiographed as previously described. 
Weak autoradiograms were obtained from plants that 
had received Zn*EDTA, but none from those re- 
ceiving Zn*Cl,. Activity was observed principally in 
the petioles and midribs, except in the case of the 
youngest leaves, which had relatively uniform distri- 
bution of the applied zine. 

Soil samples representing depth increments of 1 em 
were taken by boring with a piece of aluminum tubing 
(12 mm diameter). Each sample was a composite of 
four borings per pot. Samples were placed in tared 


50-ml beakers and allowed to air-dry; they were 
then weighed and extracted overnight with 25 ml of 


PLANT PHYSIOLOGY 


normal HCl. Activities in the filtrates, calculated to 
parts per million of zinc, are plotted in figure 4. 

Of the two zine compounds applied, the chelated 
form moved more freely in the soil and probably more 
of it reached the root zone. This probably explains 
the presence of measurable activity in the plants 
treated with Zn*EDTA as contrasted with those 
treated with Zn*Cly. 


DISCUSSION 


The experiments that have been described indicate 
some variables that must be controlled in studies of 
zine absorption by citrus plants. Zine may be ab- 
sorbed and translocated more readily when applied 
1) to young leaves than when applied to older ones: 
2) at higher concentrations of zinc per unit area of 
leaf; 3) near the center of the leaf. 

When solutions of zine salts were applied to leaf 
surfaces, strong fixation occurred. Attempts to re- 
move the untranslocated portion of zine by various 
washing procedures were not completely successful. 
For this reason the technique of applying the zine solu- 
tion in single drops and then removing the treated area 
with a punch appears to have considerable merit. It 
should be useful in studies of the influence of environ- 
mental factors on zinc absorption. Most consistent 
results occur when the drops are kept small enough 
to avoid spreading and thereby maintain a uniform 
concentration of zine per unit area in all treatments. 

Since no differences in absorption and transloca- 
tion were observed when comparing upper and lower 
leaf surfaces, it seems clear that absorption through 
stomata is unimportant if it occurs at all. 

In the present experiments the ultimate distribu- 
tion of applied zine in the plant appeared to be inde- 
pendent of whether it was absorbed by the roots or 
by the leaves. It should be emphasized, however, 
that quite different results might be obtained if zinc- 
deficient plants were used. 

The effect of chelation of zine applied in solution 
to the soil, as shown in figure 4, is of considerable 
interest. These data for the surface 3 cm of soil sug- 
gest that the chelated form is less rapidly adsorbed 
by the soil than are the inorganic salts, and hence 
may be useful as a soil amendment for treating zinc 
deficiency. 


SUMMARY 


The radioactive isotope Zn® was used in experi- 
ments for studying variables that affect absorption 
and translocation of zine in citrus trees, particularly 
as a result of foliar application. It was found that 
absorption and translocation of zine 1) occurred more 
rapidly in young leaves than in old leaves, 2) varied 
with concentration of zine per unit area of leaf, and 
3) was more rapid when zine was applied near the 
center of the leaf than when applied near the margin. 
The fact that no differences in absorption and translo- 
cation were observed when comparing upper and lower 
surfaces of leaves leads to the conclusion that absorp- 
tion through stomata is unimportant, if it occurs at all. 
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The single-drop technique that was used for apply- 
ing solutions to leaf surfaces is a useful experimental 
method. 

Ultimate distribution of applied zinc in the plant 
was found to be independent of whether it was ab- 
sorbed by the roots or by the leaves, though this 
might not be the case in zine-deficient plants. 

An experiment to test movements of zinc through 
soil indicated better penetration of the chelated form 
than of the inorganic salts. 


We are indebted to Professor H. D. Chapman for 
his counsel and support throughout the planning and 
conduct of this work. 


WALLIHAN AND HEYMANN-HERSCHBERG—ZINC IN CITRUS 


299 





The Zn® which we used was obtained from the Oak 
Ridge National Laboratory, Oak Ridge, Tennessee. 
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THE METABOLISM OF GLUCOSE BY THE ALGA OCHROMONAS MALHAMENSIS?:? 


GEORGE H. REAZIN, JR. 
Brotocy DEPARTMENT, BROOKHAVEN NATIONAL LaporaTory, Upton, Lona Istanp, New York 


It has been demonstrated by many investigators 
that the growth of algae under autotrophic conditions 
generally is not increased in the presence of potential 
organic metabolites (12). Recently, however, Pring- 
sheim (17) isolated a golden brown alga, Ochromonas 
malhamensis, which is an exception to this general 
rule, i.e., growth of this organism under optimal auto- 
trophic conditions could be increased by the addition 
of a carbon source. These observations have stimu- 
lated further investigations to uncover the cause of 
this anomaly. 

An investigation of the photosynthetic mechanism 
of Ochromonas showed that the chromatophores con- 
tained less chlorophyll a (13, 20) than other algae. 
Furthermore, it was noted that the rate of photosyn- 
thesis of Ochromonas (13) was much less than that of 
Chlorella and Euglena. From these observations it 
was postulated (13) that due to a low content of 
chlorophyll, Ochromonas could not reduce sufficient 
CO, by photosynthesis to supply its requirements for 
growth. For this reason, in order to obtain maximum 
growth, an organic substrate had to be added. Since 
Ochromonas* has been shown capable of photo-oxi- 
dizing isopropyl alcohol to acetone, the photosynthetic 
mechanism of Ochromonas may be more closely re- 
lated to the system of purple bacteria than that of 
the other algae studied. Therefore, chlorophyll con- 
tent may not be the only factor that causes the photo- 
organotrophic properties of Ochromonas. 

The present work is a study of the glucose metab- 
olism of Ochromonas in the dark under anaerobic 
and aerobic conditions and shows that the Embden- 
Meyerhof-Parnas pathway is the major route by 
which Ochromonas dissimilates glucose. 


1 Received March 20, 1956. 

2 This research was carried out at Brookhaven Na- 
tional Laboratory under the auspices of the U. S. Atomic 
Energy Commission. 

3 Vishniac, unpublished data. 


MATERIALS AND METHODS 


Pacteria-free stocks of Ochromonas were cultured 
for one week in the light, using Hutner’s (11) growth 
medium. The light was supplied by daylight-type 
fluorescent lamps at an intensity of 750 fe. The cells 
were transferred into 150-ml Florence flasks contain- 
ing 30 ml of medium. The composition of this me- 
dium is shown in table I. The cells were grown on a 
New Brunswick shaker at 25° C. No special arrange- 
ments were used to illuminate the cells. Cells grown 
for one day were centrifuged from the growth me- 
dium with a force of 150 x g, washed and resuspended 
in 0.01 M potassium phosphate buffer, pH 5. 

Five ml of suspension, which contained approxi- 
mately 25 mg dry weight of cells, were added to the 
main compartment of a double side arm 50-ml War- 
burg vessel. One side arm contained the substrate 
and the other contained 0.1 ml of 4N H,SO,. In 


TABLE I 


GrowtH MeEpIUM FoR OCHROMONAS 














MATERIAL GMs/L 
KH.PO, 0.3 
MgSO. - 7 HO 0.6 
CaCl. 0.17 
(NHi,)2SO, 25 
Ethylenediamine 

tetraacetic acid 0.5 
(NH,)eMo;Ox -4H.0O 0.020 
Thiamine 0.002 
Glucose 20 
Biotin 4x10° 
Vitamin By 5x 10* 
Trace metal mix * 12 ml 





* Trace metal mix had the following composition (per 
liter): ethylenediamine tetraacetic acd, 0.5 gm; MnSQ, 
° H.O, 6.15 gm; ZnSO, - 7 H:O, 11.0 gm; FeSO.(N Hi) 2SO, - 
6 H.O, 1.75 gm; CoSO,-7 H:0, 0.286 gm; CuS0O,-5 HO, 
0.039 gm; HsBOs, 0.0571 gm; KI, 0.001 gm. 
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previous manometric studies of Ochromonas (13, 18, 
20) the suspension mixture contained vitamins and 
salts. In the present experiments, however, it was 
found that the results were similar if either phosphate 
buffer or salt mixture was used. 

In the anaerobic experiments, the Warburg vessels 
were flushed with prepurified nitrogen gas, while air 
was the atmosphere in the aerobic experiments. The 
bath temperature was 30°C. After 12 hours the ex- 
periments were terminated by the addition of the 
H.SO,, the cells were removed from the solution by 
centrifugation and the supernatant solution was neu- 
tralized with 0.1 N KOH, and made to a volume of 
25 ml. In addition, Warburg vessels containing buffer 
and glucose, but no algae, were used, in order to test 
the presence of anaerobic contamination. In all cases 
no significant amount of glucose disappearance could 
be detected, and less than a micromole of gas was 
formed. 

The reaction mixture was assayed for various ma- 
terials by using the following procedures: glucose by 
the Somogyi method as outlined by Neish (14); alco- 
hol by the enzymatic procedure of Bonnichsen (6) ; 
lactic acid by the Barker-Summerson method (2); 
pyruvie acid by determining spectrophotometrically 
the oxidation of reduced diphosphopyridine nucleo- 
tide as catalyzed by lactic acid dehydrogenase; steam 
volatile acids by the procedure of Neish (14); suc- 
cinic acid and a-ketoglutaric acid by the method of 
Krebs as described by Umbreit (21). 

In the experiments involving labeled glucose, the 
procedure was similar to that described previously 
but with the additional steps that the products were 
degraded in order to determine the position of the 
isotope in the molecule. At the end of the experiment 
the CO. was collected by adding 10% KOH to the 
Warburg vessel through the venting plug. After the 
carbon dioxide was absorbed, the resulting KOH- 
K,COg mixture was transferred into a flask flushed 
with nitrogen. Using the procedure outlined by 
Steele and Sfortunato (19), the CO, was released by 
the addition of acid and collected in a Ba(OH).-BaCl, 
mixture. 

In the experiments in which ethanol was degraded, 
the ethanol was distilled from the reaction mixture 
into a flask containing 0.5 gm of potassium dichro- 
mate and 15 ml of 4N H.SO, (3). This solution was 
heated for 90 minutes at 90° C in order to oxidize the 
ethanol to acetic acid. The acetic acid was then 
either totally oxidized to CO, (15) or degraded by 
using the Phares (16) method. 

Pyruvie acid was isolated from the reaction mix- 
ture by an ether extraction using a Kutscher-Steudel 
extractor for 48 hours. Water was added and the 
ether was evaporated. The first step in the degrada- 
tion was the decarboxylation of the pyruvate with 
0.3 M ceric sulfate. The reaction was carried out in 
a Warburg vessel and the CO, was trapped by KOH. 
Next it was converted to BaCOg as indicated. The 
acetic acid formed was steam-distilled from the re- 
action mixture and degraded as previously described. 
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It should be noted that the ether extraction also re- 
moved the lactic acid produced in the fermentations. 
Since lactic acid is also decarboxylated by ceric sul- 
fate to form CO, and acetic acid, an error could be 
introduced into the experiment. However, Elsden 
and Gibson (7) have shown that the rate of oxidation 
of lactic acid by ceric sulfate is dependent upon both 
temperature and the concentration of ceric sulfate. 
That is, these workers have shown that at a tempera- 
ture of 22°C using 1.4M eeric sulfate, 140 minutes 
are required to oxidize half of the lactic acid present. 
Since in the present experiments 0.3 M ceric sulfate 
was used at a temperature of 30°C for 30 minutes, 
the amount of lactate oxidized should be negligible. 

The radioactivity of the samples was determined 
by means of a methane-flow proportional counter. 
All results were expressed as millimicrocuries per 
milligram of carbon {myc/mg C). The radioactive 
sugars were kindly supplied by Dr. H. Isbell of the 
National Bureau of Standards. 


RESULTS 


SrupiEs OF THE ANAEROBIC UTILIZATION OF GLU- 
cose: Initial experiments were carried out with cells 
grown for three days. It was found that the addi- 





GLUCOSE 
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Fic. 1. The effect of age upon CO2 production by 
Ochromonas. Dark circles represent fermentation of 
1-day cells. Crosses indicate fermentation of 2-day cells 
with and without glucose. Open circles represent fer- 
mentative rate of 3-day cells in the presence and absence 
of glucose. The arrow indicates the time at which glu- 
cose was added. All values have been corrected to an 
equal amount of cells. 
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TABLE II 


Propucts oF GLUCOSE FERMENTATION BY OCHROMONAS 








PRODUCTS FORMED Ox1pDA- 
TION /RE- 
DUCTION 


RATIO 





CARBON 
RECOVERY 


GLUCOSE 


USED Lactic 


CO, ETHANOL 





micromoles %o 


148 23.5 25.9 2.7 94 0.92 





Values shown have been corrected for endogenous 
metabolism. In the experiment 100 micromoles of glu- 
cose had been added. 


tion of glucose to these cells did not produce CO, in 
excess of the endogenous metabolism. However, as 
indicated in figure 1, cells grown for one day showed 
a response to the exogenous glucose by the produc- 
tion of an increased amount of COs. In all the re- 
maining experiments cultures were grown for no 
longer than one day. 


The carbon balance, as shown in table II, indicates 
that the major products of glucose fermentation are 
CO. and ethanol. Traces of lactic acid are also 
formed. Steam volatile acids and succinic acid could 
not be detected. The carbon recovery was 94% and 
the oxidation-reduction ratio was 0.92. This suggests 
that the materials recovered represent the major 
products of glucose fermentation. 


Table III summarizes the results of the experi- 
ments using glucose-1-C14 and glucose-6-C14. When 
both glucose-1-C14 and glucose-6-C!4 were fermented, 
tracer was found in the methyl carbon atom of the 
ethanol. The CO, and the carbinol carbon of the 
ethanol were inactive. It will be noted that the spe- 
cifie activity of the ethanol methyl carbon was ap- 
proximately half that of the radioactive carbon atom 
of the glucose. 

AEROBIC STUDIES OF GLUCOSE OXIDATION: Since in 
the aerobic oxidation of glucose, CO, is the major 
end product, sodium arsenite was used to inhibit this 
sequence of reactions in order to obtain information 
about the intervening reactions. Furthermore, since 
arsenite inhibited the oxidation of pyruvic acid, the 


TABLE III 


DIstRIBUTION oF LABEL IN Propucts ForMED DuRING 
GtucosE-C“ FERMENTATION 








GLUCOSE USED PRODUCTS FORMED 








ETHANOL 


CH:OH CHs 


SPECIFIC 
i. O- 


YPE 
TYPE ACTIVITY 





muc/mg C * 


Glucose-1-C™* 13.0 0 
Glucose-1-C“ 13.0 0 
Glucose-6-C™ 75 0. 
Glucose-6-C™ 75 0. 


40.4 
46.0 
20.4 
19.2 
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TABLE IV 


Errect or SoptuM ARSENITE UPON CELL RESPIRATION 
IN THE PRESENCE OF GLUCOSE 








% Oz UPTAKE 
INHIBITED 





SopIUM ARSENITE 
conc, M 


=») 
© 





(aul all eal onl ons 
Nonna 





* RQ was determined by using the direct method of 
Warburg as outlined by Umbreit (21). 


possibility existed that this key intermediate in glu- 
cose metabolism might accumulate in the medium. 
It was observed that a concentration of arsenite 
greater than 2.5 x 10-3 M caused gas uptake to be in- 
hibited 67 % and pyruvic acid was accumulated. As 
shown in table IV, a sodium arsenite concentration 
of 1x10°M caused a 15 % inhibition, while at 1x 
10+ M, no effect on cell respiration could be detected. 
It was further observed that cells poisoned with so- 
dium arsenite showed a stimulation in the production 
of COs, as indicated by an increase in the respira- 
tory quotient. It was found that glucose uptake and 
pyruvic acid production had stopped after 90 min- 
utes, even though oxygen uptake continued for a 
much longer time. Therefore, experiments involving 
sodium arsenite poisoning were carried out in 90 to 
120 minutes. 

An attempt was made to construct a carbon bal- 
ance for glucose oxidation. In the absence of arsenite, 
only 18 % of the glucose carbon used was recovered 
in the products listed in table V. In the presence of 
2.5x10-3M sodium arsenite, the carbon recovery 
was increased to 34%. This table also indicates that 
the presence of arsenite caused an accumulation of 
pyruvic and lactic acids. Either the remainder of the 
glucose carbon was assimilated or products other than 
those listed were formed. Further analysis indicated 


TABLE V 


Propucts oF THE AEROBIC UTILIZATION OF GLUCOSE 
IN THE PRESENCE OF 2.5x 10° M 
Soprtum ARSENITE 














MATERIALS 





CarBON 
RECOV- 
ERED 


PRODUCED 


Py- Lac- 
RUVIC TIC 
ACID ACID 





ALco- 
HOL 


CO: 





M micromoles % 


Control 30 20 30 2 0 0 18 
25x10* 203 9 17 2.5 5.2 1.1 34 





* Values expressed as millimicrocuries per milligram 
of carbon. 


Values have been corrected for endogenous metabo- 
lism; 100 micromoles glucose were added. 
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TABLE VI 


DIstRIBUTION oF LABEL IN Propucts or GiucosE-C™ 
OxIDATION BY OCHROMONAS IN THE PRESENCE 


GLUCOSE USED PRODUCTS FORMED 





Pyrvuvic ACID 











Tees SPEcIFIc ae: th 
ee COOH C=O CHs 

muc/mg C * 
Glucose-1-C™ 8.3 0.2 2.6 04 25.0 
Glucose-1-C™ 83 2.1 0.9 0.2 180 
Glucose-2-C™ 18.2 3.4 - 52.2 1.9 


Glucose-2-C* 8.9 13 


33.0 03 





* Values expressed as millimicrocuries per milligram 
of carbon. 


the absence of steam volatile acids, succinic acid and 
a-ketoglutarie acid. 

In the experiments involving labeled glucose, the 
results shown in table VI were obtained. When glu- 
cose-1-C14 was oxidized in the presence of arsenite, 
the tracer was found in the methyl carbon atom of 
pyruvic acid. The carboxyl and alpha carbon atoms 
of pyruvic acid as well as the CO, were found to be 
unlabeled. A comparison of the specific activity of 
the isotope found in the pyruvic acid with that found 
in the glucose indicates a two-fold dilution during the 
dissimilation of glucose to pyruvic acid. 

In addition to these tracer experiments, the method 
described by Beevers and Gibbs (4) was also used to 
elucidate further the nature of aerobic glucose dis- 
similation by Ochromonas. In the present experi- 
ments, glucose-1-C14 and glucose-6-C14 was oxidized, 
the CO, was collected, and the percent of tracer in 
the CO, was determined. This ratio, as shown in 
table VII, was approximately one throughout the ex- 
periment. 


DIscussION 


The first studies dealing with algal fermentation 
were reported by Genevois (9). He observed that 
Chlorella would ferment various hexose sugars. Coe- 


TABLE VII 


Ratio or % or C* 1x CO. ForMED BY THE OXIDATION 
or Gtiucose-6-C™“ anp G iucose-1-C“* 














GLUCOSE AcTIVITY TRACER C/C 
Ten - 6 1 
USED * Appeo Recoverep 8 COs 
mpc % 

Glucose-6-C™“ 30 0.38 1.28 11 
Glucose-1-C™ 90 1.01 1.12 , 
Glucose-6-C™* 30 1.00 3.3 13 
Glucose-1-C™ 90 0.92 21 = 





* Equal amounts (100 micromoles) of glucose were 
supplied in Warburg vessels at 25° C and the COs was 
analyzed for activity. 


lastrum and Scenedesmus were also shown to pro- 
duce CO, anaerobically from glucose. Barker (1) 
showed that the colorless alga Prototheca zopfit under 
anaerobic conditions would produce two moles of 
lactic acid for each mole of glucose consumed. Gai- 
fron’s (8) studies of Scenedesmus actua showed that 
the three major products of glucose fermentation were 
lactic acid, CO. and hydrogen. The present study 
with Ochromonas demonstrated that this alga fer- 
mented glucose and formed COs, ethanol and traces 
of lactic acid. The stoichiometry of the reaction may 
be written: 
glucose > 1.60 CO, + 1.75 ethanol + 0.18 lactic acid 


Whether or not the products of this fermentation, 
since they differ from those of other algae studied, 
are unique to Ochromonas must wait until other algal 
fermentations have been investigated. 

The data using glucose labeled with carbon-14 sug- 
gested that the pathway by which glucose was fer- 
mented in Ochromonas was the Embden-Meyerhof- 
Parnas pathway. In this scheme, glucose was 
converted to two moles of pyruvic acid, which was 
subsequently converted to CO, and ethanol. Accord- 
ing to this scheme, the glucose carbon atoms should be 
found in the end products in the following manner: 


' 
< 
3C 


| 
4C 
| 


3,4 COOH 3,4 COs 
—2,5C=0 —- + 
5 C 1,6 CH, 2,5 CH20H 
6C 1,6 CHs 


The fermentation of glucose-1-C!* resulted in the 
formation of ethanol specifically labeled in the methy] 
group. In addition, the specific activity of this group 
was found to be one half that of carbon atom one of 
the glucose molecule, as would be expected in the 
Embden-Meyerhof-Parnas pathway. When glucose- 
6-C14 was used, the same results were obtained and 
further confirmed the suggestion that Ochromonas 
fermented glucose by the Embden-Meyerhof-Parnas 
pathway. 

The tracer pattern obtained in the aerobic experi- 
ments was similar to that obtained in the fermenta- 
tion experiments. When glucose-1-C14 was respired 
in the presence of sodium arsenite, the formation of 
pyruvic acid labeled in the methyl carbon resulted. 
When glucose-2-C!4 served as substrate, carbonyl 
labeled pyruvic acid was produced. If the glucose- 
2-C14 was metabolized by the direct oxidation path- 
way, pentose-5-phosphate-1-C!4 would have resulted. 
The subsequent conversion of pentose-5-phosphate-1- 
C4 via a transketolase-transaldolase sequence would 
have formed pyruvic acid-1,3-C!* (10). However, the 
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pyruvie acid was found to contain only traces of the 
tracer in the one and three carbon atoms, indicating 
the absence of this pathway under the conditions of 
the experiment. Table VII records the C,/C, ratio 
data obtained using the method of Bloom and Stetten 
(5). According to this procedure, when the percent 
of tracer in the CO, formed by the oxidation of glu- 
cose-1-C14 is compared with that contributed by glu- 
cose-6-C14, a ratio approaching unity will occur when 
the Embden-Meyerhof-Parnas system is functioning. 
The data in table VII show a ratio approaching one 
throughout the experiment and further suggest that 
the Embden-Meyerhof-Parnas pathway predominates 
in the aerobic dissimilation of glucose. 

The fact that this organism has no functioning 
hexose monophosphate shunt, does not seem to offer 
any direct reasons for the photo-organotrophic prop- 
erties of Ochromonas. However, a limited amount of 
glucose-6-phosphate dehydrogenase and 6-phospho- 
gluconate dehydrogenase activity may also indicate a 
similar condition for transketolase and transaldolase. 
A limited supply of transketolase and transaldolase 
could result in an insufficient synthesis of the pentose 
moiety necessary for carbon dioxide fixation by photo- 
synthesis. Therefore, photosynthesis would proceed 
at too slow a rate to meet the carbon requirements of 
the cell and an organic substrate would be required to 
compensate for this deficiency. Whether the photo- 
organotrophie properties of Ochromonas are a reflec- 
tion of a lack of a pentose acceptor for carbon dioxide, 
a lack of chlorophyll, or a combination of both hy- 
potheses cannot be resolved with the data available. 


SUMMARY 


Experiments concerning the glucose metabolism of 
the alga Ochromonas malhamensis indicate the fol- 
lowing: 

1. Under anaerobic conditions, dark-grown, young 
resting cells produced 1.6 micromoles COs, 1.75 mi- 
cromoles ethanol and traces of lactic acid from each 
micromole of glucose fermented. Experiments using 
glucose-1-C14 and glucose-6-C!* gave results that sug- 
gested the presence of the Embden-Meyerhof-Parnas 
pathway. 

2. The addition of 2.5x10°M arsenite during 
the aerobic dissimilation of glucose caused pyruvic 
and lactic acids to accumulate. When glucose-1-C14 
and glucose-2-C!4 were oxidized, the pyruvate con- 
tained the label as would be expected if the Embden- 
Meyerhof-Parnas pathway were present. 

3. The results of this paper suggest that the major 
pathway of glucose dissimilation is the Embden- 
Meyerhof-Parnas pathway. If there is an alternate 
pathway present, it plays only a minor role in the 
metabolism of the cell. The possible implications of 
this type of relationship to the general metabolism of 
the organism were discussed. 


The author is indebted to Dr. Martin Gibbs in 
whose laboratory this research was conducted. All 
of his help is sincerely appreciated. 
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The concept of B-oxidation of fatty acids has been 
well documented in animal tissues. In 1943 Munoz 
and Leloir (12) prepared cell-free systems from rat 
liver that oxidized butyric acid to CO, and water. 
Kennedy and Lehninger (10) later showed that the 
site of fatty acid oxidation is the mitochondrion. 
Green and his co-workers (15) and Lynen (11) pre- 
pared soluble enzymes from acetone powders of liver 
mitochondria and demonstrated the individual steps 
involved in 8-oxidation of short and long chain satu- 
rated fatty acids. 

Until recently, little information was available to 
support the concept of @-oxidation in plants. A large 
number of plant mitochondrial preparations have 
been tested for fatty acid oxidation with little if any 
success. However, support for the concept of the C, 
fragment as the basic unit in fatty acid breakdown 
or synthesis in plants is now becoming apparent. 
Thus in 1953, Newcomb and Stumpf (13) showed 
that slices of cotyledons from both the developing 
and the germinating peanut readily oxidized acetate- 
1-C14, butyrate-1-C14, and other radioactively labeled 
substrates to respiratory C1#O., and that acetate was 
the most effective substrate of several tested for the 
synthesis of long chain saturated fatty acids. Gibble 
and Kurtz (5) have demonstrated that, in the utili- 
zation of acetate-1-C!* for the synthesis of long chain 
acids by immature flax fruit, the odd numbered car- 
bon atoms of the fatty acid were highly radioactive 
whereas the even numbered carbon atoms were of 
low activity. In in vivo experiments with flax seed- 
lings Fawcett et al (4) showed that when w-phenoxy- 
acids were supplied to the seedlings through their 
roots, only the acids with an even number of side 
chain methylene groups gave rise to appreciable 
amounts of phenol, whereas those with an odd num- 
ber of methylene groups gave rise only to traces of 
phenol. The results were fully consistent with the 
idea that the side chains were degraded by £-oxida- 
tion. Wain and Wightman (15) have extended this 
work to show that only those chloro derivatives of 
phenoxyaliphatic carboxylic acids which have side 
chains with an even number of carbon atoms (butyric, 
caproic, etc.) have herbicidal properties in plants 
like nettle, whereas those compounds with either pro- 
pionic or valeric side chains are inert. These observa- 
tions strongly suggest a B-oxidation of the side chains 
of the phenoxy acids. 

This paper presents evidence that mitochondria 
obtained from cotyledons of germinating peanuts par- 
ticipate in the B-oxidation of a large number of satu- 
rated fatty acids. In sharp contrast to liver mito- 


1 Received March 20, 1956. 
2 This work was supported in part by a grant from 
the National Science Foundation. 
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VII. B-OXIDATION 


chondria which require only ATP, Mg, a TCA eycle 
acid, and cytochrome c, the peanut mitochondria re- 
quire ATP, CoA, DPN, TPN, Mn, a TCA eyecle acid, 
and GSH for maximum activity. 


MATERIALS AND METHODS 


Mitochondria were prepared from cotyledons of 
germinating peanuts as described previously (14) 
except that the cotyledons were homogenized in a 
sucrose-Tris buffer containing 0.005 % of 2,3-dimer- 
captopropanol (BAL). 

Adenosine triphosphate? (ATP), triphosphopyri- 
dine nucleotide (TPN), and Coenzyme A (CoA) were 
purchased from the Pabst Laboratories, Milwaukee. 
Diphosphopyridine nucleotide (DPN) was obtained 
from the Sigma Company, St. Louis. Palmitic acid- 
1-C14 was purchased from Tracerlab, Boston. Pal- 
mitic acid-2-C1#, -3-Cl4, -11-C!4, and -15-C!4 were 
generously contributed by Professor I. Chaikoff, of 
the Department of Physiology, University of Cali- 
fornia. Other appropriately labeled fatty acid sub- 
strates were obtained from Professor H. A. Barker of 
this Department. 

The oxidation of the fatty acid substrates was fol- 
lowed in conventional Warburg cups as already out- 
lined (7). The degree of oxidation was expressed 
as the percentage, BaC!40, (CPM) x 100/substrate 
(CPM). 

The isolation and chromatography of di- and tri- 
carboxylic acids were also carried out as described 
elsewhere (14) except that the labeled compounds 
were not re-chromatographed after the radioactivity 
of the eluted spots from the paper chromatograms 
had been determined. In all cases the radioactive 
spots corresponded exactly in position to authentic 
samples of tricarboxylic and dicarboxylic acids run 
adjacent to them. 


RESULTS AND DIscuSsSION 


CoMPONENTS OF THE OXIDATIVE SysTEM: An 
analysis of the requirements for maximum mitochon- 
drial oxidation of fatty acids revealed the following 
components: ATP, CoA, DPN, TPN, Mn, a TCA 
cycle acid, and GSH. Cytochrome ec, thiamin pyro- 
phosphate, flavin monophosphate, and flavinadenine- 
dinucleotide were not required. Results of experi- 
ments describing the cofactor requirements for the 
oxidation of butyric acid-1-C!4 and palmitic acid- 
11-C14 to C140, are given in table I. Preliminary 


3 The following abbreviations are used: adenosine 
triphosphate, ATP; coenzyme A, CoA; diphosphopyri- 
dine nucleotide, DPN; triphosphopyridine nucleotide, 
TPN;; thiamine pyrophosphate, TPP; glutathione, GSH; 
uridine triphosphate, UTP; inosine triphosphate, ITP; 


cytosine monophosphate, CMP; cytosine triphosphate, 
CTP; adenylic acid, AMP; 2,3-mercaptopropanol, BAL. 
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TABLE I 


Coractor REQUIREMENTS FOR OXIDATION oF BuTyRIC 
Acip-1-C* anp Patmitic Aciw-11-C“ to C“%O. 








Crm as BaC™O: x 100/Cem 
SUBSTRATE 





CoMPONENTS 


Butyrate-1-C“ Parmirate-11-C* 





Jo Jo 
Complete 40.0 30.0 
-ATP 2.0 03 
-~CoA 7.0 0.6 
-DPN 26.0 9.1 
~ TPN 31.0 6.6 
~DPN, TPN 63 iia 
-TPP 40.0 28.0 
-GSH 27.0 22.0 
—~MnSO, 94 19.0 
-—cytochrome c 33.0 29.0 
—a-Ketoglutaric acid 21.0 38 





The complete reaction mixture contained 10 micro- 
moles pH 7.1 phosphate buffer, 0.1 micromole butyrate- 
1-C* (7500 cpm), 1 micromole a-ketoglutaric acid, 0.01 
micromole cytochrome c, 1 micromole MnSQ,, 5 micro- 
moles GSH, 0.15 micromole DPN, 0.13 micromole TPN, 
02 micromole TPP, 0.6 micromole CoA, 1 micromole 
ATP, 0.5 ml of the mitochondrial suspension (adjusted 
to contain about 10 mg of protein) in 0.2 M trishydroxy- 
aminomethane/0.4 M sucrose buffer at pH 7.3 with about 
5x 10° % BAL, 0.2 ml 20% KOH in the center well, 0.3 
ml 5M H-SO, in the sidearm, and was brought to a final 
volume of 2.2 ml in each vessel with 0.1M KCl. Time 
of incubation 2 hrs; temperature 25.3° C. 


experiments showed that the maximum rate of oxida- 
tion was not attained by the complete mitochondrial 
system until about thirty minutes had elapsed. Reac- 
tion mixtures were therefore routinely incubated for 
two hours at 25°C to obtain a reasonable extent of 
oxidation. Because of the extensive cofactor require- 
ments by the system, bacterial participation of fatty 
acid oxidation would necessarily be at a minimum. 

Oxygen uptake studies with 5 and 10x 10°M 
amounts of unlabeled butyric acid under our optimum 
conditions gave low and variable results. It would 
appear that at these concentrations free fatty acids 
exert a pronounced inhibitory effect on the respira- 
tory system of the mitochondrion. 


TABLE II 


RELATION oF AGE OF SEEDLINGS TO EXTENT OF 
Buryric Actp-1-C* Ox1paTIon 




















AGE OF SEEDLINGS C* as BaC“Os 
days % total 

1 98 

3 ee i 

5 19 

7 

9 

4 14 





Components and conditions of experiment were as 


described in table I except that TPN was omitted. 
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Cofactor requirements for oxidation of butyric 
acid-1-C!4 were examined with mitochondria isolated 
from seedlings allowed to germinate and grow for 1, 3, 
5, 7, 9, and 14 days. As summarized in table II, mito- 
chondria from cotyledons of seven-day-old seedlings 
gave the highest oxidation percentages. However, at 
that age cofactor requirements, with the exception of 
ATP and CoA, were not as clear cut as in other age 
groups. Nevertheless, the requirements shown in 
table I could be demonstrated for mitochondria ob- 
tained from seedlings of all the other ages tested. 
Cotyledons less than seven days old were thereupon 
used in all subsequent work on cofactor requirements. 

The nucleotides UTP, ITP, CMP, and CTP when 
tested as replacements for ATP proved to be inert. 
AMP could completely replace ATP. The optimum 
concentration for both ATP and CoA is 6 x 104 M. 

The effect of various metal ions on the system was 
investigated. The ions were added to give a final con- 
centration of 6x 10¢M per reaction mixture and 
included Mn** (MnSO,4), Mo** (NaMo0,), Co** 
(Co(NOs3).), Zn** (ZnSO4), and Fe** (FeSO,). Table 
III shows the results. 

Various sulfhydryl compounds were tested for 
activation effects. At 3x 10-3 M final concentration, 
thioglycollate and glutathione were equivalent, cyste- 
ine was about one-half as active, and BAL was inhibi- 
tory. GSH probably participates as a reductant for 
CoA. 

The activities of four TCA cycle acids were com- 
pared in their stimulation of the oxidation of butyric 
acid. While citrate, succinate, and a-ketoglutarate at 
6x 10+*M concentration promoted about the same 
percentage of oxidation of butyrate-1-C!4, L-malate 
showed only about one-half the activity of the other 
acids. 

Of considerable interest is the essential require- 
ment of the cofactors ATP, CoA, DPN, TPN, TCA 
cycle acid, Mn**, and GSH for maximum activation of 
the peanut mitochondria for the oxidation of fatty 
acids. In intact animal mitochondria, CoA, DPN, 
and TPN requirements have never been demonstrated 

(6). Recent work by Beevers and Walker (1) has 


TABLE III 


Errect oF MetAt Ions oN EXTENT OF 














METAL C* as BaC“Os 
% total 

None 72 

MnSO, 17.0 

NaMoO, 5.0 

Co( NOs)- 98 

ZnSO, 0.4 


FeSO, 5.0 





Final concentration of metals in each reaction mix- 
ture was 6x10*M. Other components and conditions 
were as described in table I except that TPN was 
omitted. 
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also indicated that the oxidation of TCA cycle acids 
by mitochondria from 4-day-old Ricinus cotyledons 
required a rather extensive complement of cofactors 
including ATP, DPN, thiamine pyrophosphate, and 
CoA. It would appear either that these cofactors 
dissociate easily and are separated from the mitochon- 
drial enzymes in the course of preparation or that 
they are present in suboptimal amounts in the mito- 
chondrion as it exists in its milieu. 

SusstraTe Speciriciry: The results of the oxida- 
tion of a series of fatty acids labeled in the carboxyl 
group are shown in table IV. Oxidation of all the 
straight chain aliphatic acids by the complete mito- 
chondrial system was good with the exception of the 
structural isomers isobutyric, isovaleric, and isocaproic 
acids. The odd chain acids propionic and valeric 
acids were oxidized vigorously. It is possible that the 
oxidation of these acids may proceed by an a-oxida- 
tion to pyruvic acid in the case of propionic acid and 
by first a B- and then an a-oxidation of valeric acid 
to pyruvic acid and thence into the TCA cycle. This 
possibility is currently being explored. 

Extent or PaLmitic Acip OxmpaTION: Conversion 
of palmitic acid labeled in carbon atoms 1, 2, 3, 11, 
and 15 to respiratory C140, is achieved by the peanut 
mitochondrial system as is shown in table V. A lower 
percentage of oxidation of the even numbered carbons 
was obtained which is to be expected if oxidation pro- 
ceeds via the TCA cycle. 

EVIDENCE FoR B-OxIDATION AND TCA CycLe Par- 
TICIPATION: (a) The components found to be required 
for oxidation of fatty acids by the peanut mitochon- 
drial system are, in general, those implicated in 8-oxi- 
dation by animal mitochondria and by the soluble 
multi-enzyme systems described by Green and Lynen. 
This similarity of component requirements strongly 
suggests that the peanut mitochondrion can effect 


TABLE IV 


SUBSTRATE SPECIFICITY OF THE PEANUT 
PARTICULATE SYSTEM 





C* as BaC“Os 


Fatty ACID 





% total 


36.0 
22.0 
40.0 


Acetic acid-1-C™ 
Acetic acid-2-C* 
Propionic acid-1-C™“ 
Butyric acid-1-C™* 49.0 
Valerie acid-1-C™ 11.0 
Valeric acid-3-C™ 33 
Caprylic acid-1-C™ 33.0 
Laurie acid-1-C™ 35.0 
Myristic acid-1-C™ 59.0 
Palmitie acid-1-C™ 

Stearic acid-1-C™ 

iso-Butyric acid-1-C™ 

iso-Valeric acid-1-C™* 

iso-Caproic acid-1-C™ 





All substrates were added in 0.1 micromole quantities. 
Other components and conditions were as described in 
table I except that TPN was omitted. 
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TABLE V 


EXTENT oF Patmitic Acip OxIDATION 








SUBSTRATE 


C* as BaC“O,; 





% total 


Palmitic acid-1-C™ 
Palmitic acid-2-C™ 
Palmitie acid-3-C™ 
Palmitic acid-11-C™ 
Palmitic acid-15-C™ 








_ ‘Other components and conditions were as described 
in table I except that TPN was omitted. 


fatty acid oxidation through the same or a similar 
group of reactions. 

(b) Malonate, a competitive inhibitor of succinate 
oxidation and thus of the TCA cycle, inhibits the oxi- 
dation of butyrate about 75 % at a final concentration 
of 6x 10-8 M. 2,4-Dinitrophenol, whose mode of action 
in the TCA cycle is to uncouple phosphorylation from 
oxidation, inhibits butyrate oxidation about 90 % at a 
final concentration of 6x 10° M. This inhibition could 
not be reversed with an excess of ATP (6x 10° M). 
Although the DNP inhibition has also been noted in 
the oxidation of fatty acids by animal mitochondria 
(8), the inability of ATP to release the inhibitory 
effects would argue against DNP blocking the rephos- 
phorylation of the nucleotide and would suggest more 
subtle effects on the intact mitochondrial system. In 
support of this conclusion is the well established fact 
that DNP has no inhibitory effects on the isolated 
enzymes involved in fatty acid oxidation (3). 

(c) Since citrate is handled asymmetrically by the 
enzymes of the TCA cycle, at least three turns of the 
cycle are required before an even numbered carbon 
atom of a fatty acid (the methyl group of the active 
acetate unit) appears in the respiratory CO,. On the 
other hand, an odd numbered carbon atom of a fatty 
acid (the carboxyl group of the active acetate unit) 
appears in respiratory CO, as soon as the second turn 
of the cycle is completed (9). It was therefore of 
interest to examine as a function of time the extent 
of labeling of the respiratory CO, from palmitic acid 
labeled in either the second or the third carbon atom 
and from carboxyl and methyl labeled acetate. The 
results summarized in table VI support the hypothesis 
that the peanut mitochondrial system is oxidizing 
fatty acids through the B-oxidative pathway. 

This evidence, incidentally, indicates a rather slow 
movement of compounds through the TCA cycle 
under the experimental conditions. 

(d) If the TCA cycle is participating in the termi- 
nal oxidation of butyric acid, then each member of 
the TCA cycle should become labeled when butyric 
acid-1-C!* is oxidized by the complete system. In 
table VII are summarized the results of an experiment 
in which butyric acid-1-C!* was oxidized by the com- 
plete system for two hours in the presence of 1 micro- 
mole of a-ketoglutaric acid as a sparker. The data 
clearly indicate that the terminal oxidation of butyric 
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TABLE VI 


COMPARISON OF THE EFFECT oF Opp vs EveEN CARBON 
LABELING ON THE RATE oF APPEARANCE OF C™ 
IN Respiratory CO. 








% Torat C“ in BaC“Os 


SUBSTRATE 





30 mins 60 mins 120 mins 


Acetic acid-1-C™* 44 12.0 36 
Acetic acid-2-C™ 22 6.3 22 
ratio odd/even 2.0 1.9 16 
Palmitie acid-3-C“ 18.0 36.0 53 
Palmitie acid-2-C™ a 42 15 
ratio odd/even 16.5 8.6 3.5 





Other components and conditions were as described 
in table I except that TPN was omitted. 


acid proceeds through the conventional TCA cycle. 
The variability of the radioactivity in each of the 
TCA eycle acids is probably related to variability of 
recovery, the rates of formation and degradation in 
the mitochondrion, and the size of the acid pools in 
the particle. 

Acetoacetic Actip ACCUMULATION: In the process 
of fatty acid oxidation by liver mitochondria an ac- 
cumulation of acetoacetic acid is generally observed 
(6). Acetoacetyl CoA, which is formed by the con- 
densation of two molecules of acetyl CoA, is rapidly 
hydrolyzed to free acetoacetic acid by a specific de- 
acylase. Since the B-keto acid activating enzyme is 
virtually absent in liver preparations, acetoacetic acid 
becomes metabolically inert once it is formed. How- 
ever, in kidney and heart tissue, acetoacetic acid does 
not accumulate. While deacylase activity is very low, 
the activating enzyme is present in significant amounts 
so that any free acetoacetic acid that may form is 
rapidly returned to the metabolic systems. 

It was of interest to determine if acetoacetic acid 
accumulates in the peanut mitochondrial system while 
it is actively oxidizing butyric acid. Accumulation of 
acetoacetic acid may be enhanced by blocking its utili- 
zation through the TCA cycle by such procedures as 
the addition of malonate or DNP, and the omission 
of a TCA acid. With and without malonic acid, 
butyric acid-1-C14 was oxidized in the presence of all 


TABLE VII 


INcoRPORATION or C* into TCA Cycie Acips 
FroM Butyric Acip-1-C™* 








TCA CYCLE ACID ToraL cPM 





Citrie acid 712 
a-Ketoglutaric acid 61 
Succinic acid 676 
Fumarie acid 2130 
Malic acid 1863 





The reaction mixture contained 5 micromoles of 
butyric acid-1-C™, 350,000 cpm. Other components and 
conditions were as described in table I except that TPN 
was omitted. See text for details of isolation and identi- 
fication of the TCA acids. 
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other components for two hours, 5 micromoles of non- 
radioactive acetoacetic acid was added as carrier and 
the reaction mixture decarboxylated with 4-amino- 
antipyrine as the catalyst.4 Of the total Cl4, 11% 
is released as respiratory Cl4O, and 3% as aceto- 
acetic acid; with malonate, respiratory CO, is de- 
pressed to 1% while 2.4% of the C!* appears as 
acetoacetic acid. 


SUMMARY 


Peanut mitochondria prepared from cotyledons of 
germinating peanuts have the capacity to degrade 
short and long chain saturated fatty acids by B-oxida- 
tion. The cofactor requirements are as follows: ATP, 
DPN, CoA, TPN, Mn, a TCA eyele acid, and GSH. 
Palmitic acid is extensively oxidized as evidenced from 
the release of C140, from palmitic acid labeled along 
the hydrocarbon chain. There is evidence of aceto- 
acetic acid accumulation. 
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RESPIRATION OF CUCUMBER FRUITS ASSOCIATED WITH 
PHYSIOLOGICAL INJURY AT CHILLING 
TEMPERATURES! 


IRVING L. EAKS? ann LEONARD L. MORRIS 
DEPARTMENT OF VEGETABLE Crops, UNIveRSITY OF CALIFORNIA, Davis, CALIFORNIA 


Phyiological injury to certain plant materials when 
subjected to temperatures below about 10°C, but 
above their freezing point, has been noted by many 
investigators (1, 7, 8, 10, 11, 14, 16, 19, 20, 21, 22 and 
23). Numerous plants of tropical and subtropical 


origin are susceptible to such injury and include many 
horticultural crops now grown in temperate climates. 
This physiological disorder is often referred to as 
chilling injury and should not be confused with injury 
due to freezing. Temperatures in the range from 0 to 
10°C will be referred to as chilling temperatures. 
The symptoms of this disorder include surface pitting, 


internal browning, increased susceptibility to decay, 
and in the case of some fruits, failure to ripen. 
Although chilling injury is an interesting and im- 
portant problem in plant physiology, very little is 
known regarding processes affected by chilling tem- 
peratures or possibly explanations of the primary in- 
jury. Conflicting reports relative to the respiratory 
responses of various cold-sensitive plant materials 
emphasize the need for a thorough investigation of 
the problem. Jones (5) reported a larger tempera- 
ture coefficient for CO, production of papaya fruits 
between 7.2 and 10°C than for other temperature 
ranges above or below that of 10 to 7.2°C. This in- 
dicated to him a marked break in the nature of the 
processes having to do with CO, production of the 
papaya below 10°C. Gane (3), however, presents 
data showing only slight deviations in the tempera- 
ture coefficients for CO, production of bananas at 
temperatures of 0, 5, 12.5, and 20°C. Platenius (15) 
concluded that neither the respiratory rates nor the 
respiratory quotients of cold-sensitive crops (includ- 
ing cucumbers) held at 0.5°C showed deviations 
from the results of those held at 10 or 24°C that 
would suggest an abnormal rate or course of respira- 
tion associated with chilling injury. However, Mack 
and Janer (8) reported a threefold increase in the 
rate of CO. production of cucumbers during a 3-week 


1 Received revised manuscript April 24, 1956. 

2 Present address: Department of Plant Biochemistry, 
University of California Citrus Experiment Station, 
Riverside, California. 


period in the temperature range of 2.2 to 3.3°C. 
They also reported a low initial respiratory quotient 
(0.45) for cucumbers held in this temperature range. 
Both papers mentioned above are in general agree- 
ment regarding the response of cucumber fruits held 
at temperatures of 10°C or above; ie., the rate of 
CO, production decreased with time, and the res- 
piratory quotients were near unity. 

The purpose of the present investigation was to 
study the physiology of chilling injury to cucumbers 
by a comparative evaluation of the rates of CO, pro- 
duction and the respiratory quotients of fruits held at 
various constant chilling and non-chilling tempera- 
tures, and the rate of CO, production at 25° C sub- 
sequent to various chilling treatments. 


MATERIALS AND METHODS 


Cucumber fruits (Cucumis sativus L.) of the Cubit 
variety, ranging in length from 12 to 18 cm, were 
obtained from vigorous plants and handled carefully 
to minimize mechanical injury. To facilitate com- 
parisons between tests, all experimental fruits, ex- 
cept where otherwise stated, were harvested in the 
morning. Comparable samples were selected and 
placed in respiratory chambers at constant tempera- 
ture between 11:00 A.M. and 2:00 P.M. of the same 
day. The first determination was usually made the 
next morning, allowing sufficient time to establish 
temperature and gaseous equilibrium. 

Respiratory responses were determined by three 
methods. Carbon dioxide production was measured 
by the method of Claypool and Keefer (2) in which 
an air stream of known flow is equilibrated with a 
buffered bromthymol blue solution and the percentage 
CO. estimated colorimetrically. The method was 
modified in that the water-saturated air passing over 
the fruit was not freed of CO, and the indicator solu- 
tion was renewed for each determination. It was 
found that about one liter of air must be bubbled 
through the 10 ml of the indicator solution to estab- 
lish equilibrium. To correct for the CO, content of 
the air entering the fruit chamber, the air was as- 
sumed to contain 0.03 % COs at all times. The rate 
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of air flow was regulated by capillary flowmeters so 
that the CO, concentration around the fruit was 
within the range of 0.3 to 10%. 

The second method was a static (closed) system 
similar to that described by Magness and Diehl (9) 
and later refined by Haller and Rose (4) and Pla- 
tenius (15). This method facilitates the simultaneous 
determination of O, consumption and CO, evolution. 
Preceding each determination a 5-hour period was 
allowed for the establishment of equilibrium between 
the rate of production of CO, by the respiring fruits 
and the rate of absorption by the alkali. The fruit 
chambers remained closed between determinations, 
but were aerated with a water-saturated air stream. 

The third method of measuring respiration was 
the “indirect method” of Warburg technique as de- 
scribed by Umbreit et al (18), by which the gas ex- 
change (O. uptake and CO, production) of tissue 
slices was studied. 


RESULTS AND DISCUSSION 


Errect oF CONTINUOUS EXPOSURE TO CONSTANT 
TEMPERATURES: The magnitude and drift of respira- 
tion rates of cucumber fruits at non-chilling tempera- 
tures were compared with those at chilling tempera- 
tures. During the 1950 and 1951 seasons, six or eight 
samples of 14 cucumbers each were studied at each of 
the following temperatures: 0, 5, 10, 18, 15, 20, 25, 
and 30° C. Except on week-ends, when only a morn- 
ing reading was taken, determinations were made twice 
daily by the colorimetric method, as described above. 

Morning and afternoon rates were averaged to 
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arrive at the rate for a given sample on a given day. 
These values for the various samples were then aver- 
aged according to the days after harvest and are 
plotted at noon of the appropriate day in figure 1. 
The termination of each curve indicates the storage 
life, in days, of the fruits at that temperature; i.e., 
the number of days at a given temperature before 
the fruits reached an unusable condition. The coeffi- 
cients of variability for the average rates were less 
than 5 %, except for the initial values and a few near 
the end of the storage period, when decay organisms 
may have contributed to the variability, thus indi- 
cating good agreement between samples obtained 
throughout the two seasons. 

The continually declining rate of respiration dis- 
played by the fruits held at non-chilling tempera- 
tures (13 to 30° C, inclusive) is taken as the normal 
pattern of respiration for unchilled cucumbers. The 
increasing rate near the end of the storage period at 
15° C is probably due to decay organisms that were 
not detected before they contributed to the observed 
respiratory rate. These data are in general agree- 
ment, where comparisons are possible, with the rates 
reported by Platenius (15) and by Mack and Janer 
(8). 

Cucumber fruits held at 0 and 5°C, and, to a 
lesser degree, those held at 10° C, deviated from the 
pattern of the unchilled fruits by displaying an in- 
creasing rate of respiration during part of their stor- 
age life. There was a rate increase from the third to 
eighth day at 5° C and from the first to the fourth 
day at 0°C, followed by a plateau at the respective 
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Fic. 1. Av. rates of CO. production of cucumber fruits during their entire storage life at various constant tem- 
peratures. Left—Non-chilling temperatures of 15, 20, 25, and 30°C. Right—Chilling temperatures of 0, 5, and 10° C 


and the non-chilling temperature of 13° C for comparison. 
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levels and then a decline. Mack and Janer (8) re- 
ported an increasing respiration rate for cucumbers at 
chilling temperatures, agreeing in general with ‘hat 
reported here. However, Platenius (15) did not ob- 
serve this phenomenon, probably because of the in- 
frequency of his determinations. The increasing rate 
of respiration reported here for cucumber fruits held 
at chilling temperatures was correlated with the time 
of onset and development of chilling injury as meas- 
ured by the degree of surface pitting and deteriora- 
tion rate of fruit when transferred to 25°C after 
various exposures to low temperatures. The descrip- 
tive data of these holding tests is to be published else- 
where. 

It has been suggested by several investigators that 
cumulative CO, production may be a measure of the 
storage life of harvested material. This assumes that 
a given amount of respirable substrate is available 
for respiration and that the product reaches the end 
of its useful life when this substrate is exhausted. 
Accordingly, the cumulative CO, production was cal- 
culated by multiplying the average rate by 24 and 
summating these daily values for the entire storage 
period at each temperature (fig 2). The average 
rate at midnight (read graphically) was used because 
all lots were set up near noon and this value was 
thought to approximate most closely the average daily 
rate. In figure 2 it can be seen that the fruits held 
at non-chilling temperatures (13 to 30° C, inclusive) 
produced approximately 20 gm CO./kg of fruit dur- 
ing their entire storage life. However, the fruits 
held at chilling temperatures produced less than 20 
gm CO,/kg, fruit held at 10°C producing slightly 
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Fic. 3. Effect on respiratory rate of transferring cucumber fruits from a lower temperature to 25°C. Left— 
The effect of prior holding at 5° C. Right—The effect of prior holding at 10 and at 15° C. 
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less, und those at 5 and 0° C producing considerably 
less. Fruits held at non-chilling temperatures and 
transferred to 25°C also produced 20 gm CO,/kg 
during their entire storage life, whereas fruits exposed 
to chilling temperatures and transferred to 25° C pro- 
duced less COy, the amount depending upon the se- 
verity of the chilling. 

Data presented by other investigators indicate 
that other harvested plant materials such as apples 
(6, 17) and bananas (3) produce approximately the 
same amount of COs, per kilogram. The calculated 
CO. production for these crops closely approximate 
that of cucumbers in the present study (20 gm CO./ 
kg). It would be of interest to determine whether 
or not this is generally true for most harvested ma- 
terials, and, if so, the physiological significance. 

EFFECT OF CHILLING TREATMENTS UPON SUBSE- 
QUENT RESPIRATION AT A NON-CHILLING TEMPERA- 
TuRE: The rate of CO, production of cucumber fruits 
was determined for the following exposure periods and 
temperatures: 2 and 8 days at 0° C; 4, 8, and 12 days 
at 5° C; 8 and 16 days at 10° C; and 8 days at 15° C. 
After these exposures the samples were transferred to 
the constant non-chilling temperature of 25°C. The 
rates and trends at the low temperatures were simi- 
lar to those reported in figure 1. A 24-hour period 
was allowed after transfer to 25°C to permit the 
establishment of temperature and CO, equilibrium 
between the tissue and the air stream. 


Figure 3 illustrates several points regarding the 


effect of previous treatment on the respiration rate 
of the fruits at 25°C. Severe chilling (8 days at 0° 
and 12 days at 5° C) resulted in the response typified 
in figure 3 (left) by 12-day exposure to 5°C, ie., a 
high initial respiration rate at 25°C, which remains 
at a high level. An 8-day exposure to a temperature 
of 5°C, which is considered to be moderately in- 
jurious, resulted in high initial respiration rates which 
decreased rapidly and then increased. The increase 
during the latter portion of the storage life is proba- 
bly a result of undetected decay organisms. Treat- 
ments which usually do not cause symptom develop- 
ment (2 days at 0° C, 4 days at 5° C, and 8 and 16 
days at 10°C), illustrated by the 4-day exposure to 
5° C and by the 8- and 16-day exposures to 10° C in 
figure 3 resulted in respiration rates slightly greater 
than those of fruits exposed directly to 25°C. The 
rate of respiration decreased with time to about 20 
mg CO./kg per hour at the end of storage. Fruits 
transferred to 25° C after 8 days at 15° C respired at 
a slower rate than those exposed directly to this tem- 
perature. Therefore, the initial respiration rate at 
25°C (24 hours after transfer), and the subsequent 
drift with time, may be used as a rough index to the 
chilling injury sustained by the fruit. 

RESPIRATORY QUOTIENTS DETERMINED BY THE 
Static MetHop: The simultaneous determination of 
the volume of oxygen utilized and CO, produced by 
intact cucumber fruits was made periodically at 0, 
5, and 15°C during a 13-day period. The resulting 
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respiratory quotients serve to indicate probable sub- 
strates of respiration as well as deviations from the 
normal respiratory process. Duplicate samples of 12 
freshly harvested fruits were set up at each tempera- 
ture at the same time and this procedure was re- 
peated until 6 samples per temperature had been 
studied. 

The good agreement between the average magni- 
tude and drift of CO, production determined by the 
static and colorimetric methods is shown in figure 4. 
The coefficient of variability of less than 5 % for all 
static-method values indicates the uniformity within 
this method. The average respiratory quotient values 
are graphically presented in figure 5. The coefficient 
of variability was less than 4 % in all cases. At 15° 
C, the respiratory quotient was essentially unity 
throughout the experimental period, a condition 
which may be interpreted as indicating that complete 
oxidation of carbohydrate (hexose sugars) occurred. 
At 5° C the values were less than unity, with a gen- 
eral trend toward unity as the storage period pro- 
gressed. However, at 0° C the respiratory quotient 
was less than unity for the first 7 days and then rose 
abruptly above unity. It is unfortunate that the de- 
terminations were not continued a few more days in 
order to study further the response at the lower tem- 
peratures, particularly to observe whether the trend 
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Fic. 4. Av. rates of COs production of cucumbers 
determined by the colorimetric and static metheds on 
intact field-grown fruits at 0, 5, and 15°C, and deter- 
mined by the use of the Warburg apparatus on tissue 
slices of greenhouse-grown fruit at 0° C. 
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Fic. 5. Respiratory quotients of cucumbers deter- 
mined by the static method on intact fruit at 0, 5, and 
15° C, and by the Warburg apparatus on tissue slices at 
0° C. 





at 5° C continued or reacted similarly to that at 0° C 
by abruptly rising, and also whether the values at 
0° C returned to unity or remained high. 


RESPIRATORY QUOTIENTS DETERMINED BY THE 
WarsurG TECHNIQUE: The respiratory responses of 
cucumber tissue slices at 0° C were determined. The 
greenhouse-grown fruits used were obtained by air 
freight from Terre Haute, Indiana. A total of ap- 
proximately 48 hours elapsed between harvesting and 
placing the fruits at constant temperature (0° C). 
Upon arrival the fruits used in this test were sorted 
into 12 samples of eight fruits each. Samples were 
removed for determination after 1 hour, 12 hours, 1, 
2, 3, 4, 5, 6, 8, 10, 12, and 14 days. Tissue slices from 
each of 5 fruits of each sample were used for res- 
piratory determinations in the Warburg apparatus; 
the other 3 fruits of each sample were observed for 
symptom development. 


To obtain rapid temperature equilibrium at the 
outset, the cucumber samples were placed in ice water 
and rapidly cooled to 0° C. After 1 hour the sam- 
ples were removed from the ice water and one sam- 
ple was selected at random for a determination in 
the Warburg apparatus. The others were immedi- 
ately placed in respiration jars at 0° C, as previously 
described, and the CO, production of all the samples 
present was determined daily by the colorimetric 
method. Sections and Warburg flasks were prepared 
at 0°C and then placed in the Warburg bath at the 


same temperature. Each set of determinations ex- 
tended over about a 6-hour period. 

In several preliminary tests fruits grown in the 
greenhouse at Davis, California, were used to evaluate 
and standardize the techniques and conditions of the 
experiments. The relative activity of tissue from dif- 
ferent regions of the cucumber fruit was determined 
at 0, 5, and 25° C. Samples consisting of slices taken 
near the stem end, the middle portion, and the blos- 
som end of the fruit showed little or no difference in 
respiration rates. Tissue from different depths was 
tested by using 15 sections averaging 200 mg each, 
taken from slices from three areas of the same fruit, 
as follows: (a) the outer section, which included the 
epidermis and about 2 mm of tissue below it; (b) a 
middle section consisting of the next 3 mm of tissue; 
and (c) the internal section, which included the re- 
mainder of the tissue extending to the seed cavity. 
Wedge-shaped sections including tissue from all three 
areas were also used. On the basis of the respiration 
rate of the wedge-shaped sections as 100, the relative 
rate of the outer sections was about 160, that of the 
middle sections about 60, and that of the internal sec- 
tions about 80. Several fruits were sampled during 
these tests, and the variation between fruits was pri- 
marily associated with maturity, younger fruit being 
more active. 

The influence of light on the CO. production of 
the tissue was also observed during the preliminary 
tests. In general, the observed rate for wedge-shaped 
sections was about 20 % greater in the dark than in 
the indirect north-window light. The different rate 
was attributed to photosynthetic activity of the green 
tissue. Supporting evidence was found in the results 
with sections of different depths. The outer section, 
which contained considerable green color, gave about 
a 30% greater rate in the dark than in the light, 
while the other two sections, containing essentially no 
chlorophyll, were not influenced by the light. 

These preliminary tests suggested that the most 
reproducible results and the best estimate of the fruit 
respiration could be obtained by using 3 gms of tis- 
sue from slices taken near the middle of the fruit and 
containing a cross section of the fruit tissue, exclud- 
ing the seed cavity. The slices were cut into 15 
wedge-shaped sections, and it was determined experi- 
mentally that small variations in the size of the sec- 
tions did not influence the observed respiratory rate. 
All determinations were made in the dark. 

The rate of CO, evolution of the Indiana green- 
house-grown fruits during storage at 0° C, as deter- 
mined by the colorimetric method, was in general 
agreement with previous results obtained with field- 
grown material. Furthermore, the rate of respira- 
tion of the tissue slices appeared to parallel that of 
intact field-grown fruits measured by the other two 
methods, as shown in figure 4 (Warburg). Each 
point represents an average of 5 samples, each from 
a different cucumber fruit. In preliminary tests, how- 
ever, the rate for tissue slices was slightly higher at 
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5° C and considerably higher at 25° C than that for 
intact fruit. The variation in rates obtained from 
the 5 fruits sampled after various periods of expo- 
sures to 0° C was small for the first few days, but it 
became greater toward the end of the storage period. 

The respiratory quotient for the tissue from each 
fruit was calculated by dividing the average rate of 
CO. production by the average rate of O, consump- 
tion. These values for the 5 fruits used at each sam- 
pling were averaged and are shown in figure 5. The 
coefficients of variability of these averages were less 
than 3 %, except for the value after 10 days in stor- 
age, which was 25%. The wide deviation of the 
values obtained for the 10-day storage period makes 
this mean of doubtful use. The values for the first 
samplings at 0° C were unity, but the other values 
followed the general trend observed with the static 
method. 

Low respiratory quotients observed for intact 
fruits and tissue slices at the chilling temperatures 
were observed during the onset and development of 
chilling injury as measured by rate of deterioration 
and symptom development at a higher temperature 
after chilling. These values indicate an altered course 
of metabolism in which protein utilization or some 
enzymatic disturbance may have occurred. How- 


ever, without biochemical confirmation it cannot be 
stated whether protein or fat is being respired, 
whether some enzymatic disturbance has occurred 
which resulted in the utilization of O. other than as 


the final electron acceptor, or whether part of the 
carbon is diverted into some form other than CO, to 
give these low respiratory quotients. 

Platenius (15) suggested that if suboxidation— 
the inability of the tissue to obtain or utilize sufficient 
O. as claimed by Nelson (12, 13)—was a factor in 
low-temperature injury, there should be marked de- 
viation in the respiratory quotients of cold-sensitive 
crops at chilling temperatures, which he failed to find. 
The respiratory quotients of less than unity and the 
increased rate of respiration at chilling temperatures 
presented above indicate that chilling may be asso- 
ciated with an excessive, rather than with a limited, 
use of oxygen. Furthermore, the crops studied by 
Nelson (12) at low temperature and in the absence 
of oxygen at room temperature are ones not now 
considered cold-sensitive. Therefore, present informa- 
tion does not permit the conclusion that chilling in- 
jury is due to anaerobic respiration. 

Peculiarities in the respiratory behavior associ- 
ated with chilling injury indicate that the ultimate 
cause may be found in the cellular metabolism of the 
tissue. This anomalous respiratory behavior asso- 
ciated with chilling temperatures may in itself be a 
symptom of a more primary disturbance and may 
not be a contributing factor to the development of 
visual symptoms. An interesting approach to the 
fundamental cause of chilling injury might therefore 
be found in comparing the pathway of respiration in 
non-chilled and chilled plant materials. 


SUMMARY 


The physiology of chilling injury evaluated by ob- 
serving the respiratory responses of cucumbers to 
chilling and non-chilling temperatures indicates that 
the course and rate of metabolism was changed as a 
result of chilling injury. At non-chilling tempera- 
tures the rate of CO. production decreased with 
duration of storage, whereas at chilling temperatures 
the rate increased with time to a plateau that was 
followed by a decline. The increasing rate occurred 
at the same time as the onset and development of 
chilling injury, and the decline occurred at the time 
of general death of the tissue. The respiration rate 
and drift at a temperature of 25° C following chilling 
treatments could be used as a rough index to the se- 
verity of the treatment. 

At all temperatures within the non-chilling range, 
cucumbers produced essentially the same _ total 
amount of CO, (20 gms/kg of fruit) during their 
storage life; but at chilling temperatures lesser 
amounts were produced. 

The respiratory quotients of fruits held at a non- 
chilling temperature of 15°C were near unity, 
whereas at chilling temperatures the quotients were 
less than unity during the time of the onset and 
development of chilling injury. Quotients obtained 
with tissue slices at 0° C agree with those of intact 
fruit. 
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EFFECT OF 2,4-DICHLOROPHENOXYACETIC ACID AND OTHER 
GROWTH-REGULATORS ON THE FORMATION OF A RED 
PIGMENT IN JERUSALEM ARTICHOKE TUBER TISSUE! 


C. R. SWANSON,? S. B. HENDRICKS, V. K. TOOLE ann C. E. HAGEN 
U. S. DEPARTMENT oF AGRICULTURE, AGRICULTURAL RESEARCH SERVICE, BELTSVILLE, MARYLAND 


In the course of investigations concerning cellular 
growth in Helianthus tuberosus (Jerusalem artichoke) 
tuber dises, it was noted that 2,4-dichlorophenoxy- 
acetic acid (2,4-D) induced the formation of a red 
pigment which was clearly evident only when the 
discs and the ambient culture solution were brought 
into prolonged contact with a cellulose substrate such 
as filter paper or cheese cloth. The 2,4-D acid used 
was triply recrystallized to minimize contamination by 
2,4-dichlorophenol. Attempts to produce the pigment 
in greater quantity resulted in finding that tuber 
slices approximately 250 microns thick, incubated on 
filter paper impregnated with 2,4-D for 24 to 48 hours, 
gave a maximum pigmentation. Although the pig- 
ment was visible directly in the tissue, most of the red 
color appeared on the filter paper, which acted as a 
reservoir on which the pigment was strongly adsorbed. 

Localization of pigment formation was evident when 
slices cut normal to the tuber axis were incubated with 
10 mg/l 2,4-D on filter paper. Maximum pigment 


production was coincident with the occurrence of the 
vascular bundles. Microscopic examination of the sec- 


tions showed strong red pigment coloration in the 
phloem and xylem elements suggesting a relationship 
with the phenolphenolase system which is localized in 
the peripheral and vascular tissue of Jerusalem arti- 
choke according to Belval and Legrand (1). 

Pigment formation is obligately aerobic as indi- 
cated by the complete lack of red color when tuber 
slices were incubated with 2,4-D in an atmosphere of 
purified nitrogen. Experiments with dark-prepared 
2,4-D-treated tuber slices exposed to red, far-red, and 
unfiltered radiation as well as continuous darkness 
showed equal pigment formation with all treatments, 
indicating no photoperiodic response. 

The pigment was only very slightly water-soluble 
and rapidly turned brown when so removed from the 
stabilizing influence of the filter paper. Moderate 
solubility was obtained with methanol, and greatest 
solubility was attained with pyridine and dioxane. 
Reflectance measurements of the red impregnated 
filter paper using the G. E. Hardy spectrophotometer 
showed absorption maxima at 540, 510, and 460 my. 
Optical density data from methanol and pyridine ex- 
tracts of the pigment were obtained with a Beckman 
DU quartz spectrophotometer. In methanol, absorp- 
tion maxima were at 518, 485, 455 (weak) and 340 
my, and in pyridine the maxima were 526, 490, 455 
(weak), and 340 my. Browning of the extracts oc- 


1 Received February 9, 1956. 
* Present address: Department of Agronomy, South 
Dakota State College, Brookings, South Dakota. 


curred if water was not excluded, with a loss in ab- 
sorption at the peak near 520 and an increase at 340 
my. Heating methanol or pyridine extracts of the pig- 
ment with zinc caused a reduction to a light amber color 
which could be oxidized back to red with shaking in 
air. No acid-base color reversal could be obtained. 

One of us (C. E. H.) has earlier noted a red color 
in the vascular tissue of a number of plant species and 
an unknown fungus treated with 2,4-D. Because ex- 
traction of this color has not been successful it cannot 
be compared with the present pigment. 

A pigment which was stimulated by copper, cou- 
marin, and 2,4-D was extracted from filter paper upon 
which Big Boston and Grand Rapids lettuce seeds 
were germinated. Pigmentation was most intense in 
the vascular tissue of the seedlings, and expression of 
the pigment was greatest in weakly germinating seeds. 
A pyridine solution of the pigment showed an absorp- 
tion maximum at 525 my. The data indicate that the 
red pigments of Jerusalem artichoke tubers and ger- 
minating lettuce seeds are the same, and that their 
formation is similarly responsive to chemical stimuli. 
Further evidence of the pigment has been found in 
germinating Taraxacum officinale and Helianthus an- 
nuus but not in Lamium amplezicaule, Lepidium vir- 
ginicum, Barbarea verna, or Agropyron tenerum when 
treated with copper or 2,4-D. 

Transverse sections of the etiolated stems of Heli- 


TABLE [| 


Tue Errect or SEVERAL PLANT GROWTH-REGULATING CoM- 
POUNDS ON THE FoRMATION OF RED PIGMENT IN 
JERUSALEM ARTICHOKE TUBER TISSUE 








Con- CoLor 
CENTRA- IN- 
TION TENSITY * 


TREATMENT 





Indole-3-acetic acid . 
2,4-Dichlorophenoxyacetic acid 
“ “ 


“ 


2,4-D (tissue-crushed) 
2,6-Dichlorophenoxyacetic acid 
2-Methyl-3-chlorophenoxyacetic acid 
2-Methyl-4-chlorophenoxyacetic acid 
2,4,5-Trichlorophenoxyacetic acid ... 
2,4,6-Trichlorophenoxyacetic acid ... 
Distilled water 





* 0—no pigment. 
+—slight red color. 
+4—light red color. 
+++—moderate red color. 
++4—intense red color. 
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anthus tuberosus, H. annuus, and Xanthium stru- 
marium, when incubated on filter paper impregnated 
with 10 mg/l 2,4-D, formed the red pigment in the 
vascular tissue. Tissue from tobacco stems, sugar 
beet petioles and roots, and white potato tubers did 
not produce the pigment. The presence of the pig- 
ment is indicated to be extensive in the Compositae. 

The data in table I show the effect of optimal 
concentrations of several plant growth-regulators and 
herbicides on the red pigment formation. Indole- 
3-acetic acid (IAA) was active, but less so than 
2,4-D. 2-Methyl-4-chlorophenoxyacetic acid, 2-methyl- 
3-chlorophenoxyacetic acid, and 2,4,5-trichlorophen- 
oxyacetic acid were all approximately equal to 2,4-D 
in promoting the red pigment formation. Substitu- 
tion in the 6 position on the ring with chlorine, as in 
2,6-dichlorophenoxyacetic acid and 2,4,6-trichloro- 
phenoxyacetic acid, resulted in greatly decreased ac- 
tivity, in agreement with the ortho theory of Muir, 
Hansch, and Gallup (2). 

Copper ion (10 mg/l) enhanced expression of the 
pigment as did an equivalent concentration of 2,4- 
dinitrophenol, but 10 mg/l KCN or sodium diethyl- 
dithiocarbamate inhibited the pigment. Greater pig- 
ment formation was obtained with 10 mg/l 2,4-D than 
with copper or dinitrophenol at optimal concentra- 
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tions. Treatment of thin slices or very small dice of 
the artichoke tubers produced the color, but when the 
tissue was ground or crushed no red color was induced 
by 2,4-D. Pigment enhancement by 2,4-D was not in- 
hibited by hypertonic (0.4M) mannitol but was ef- 
fectively stopped by 10+ M arsenite which may indi- 
cate that the production of the pigment is associated 
with metabolically controlled growth processes. 

The precise chemical nature and _ physiological 
properties of the pigment, as well as the mode of ac- 
tion of 2,4-D in its formation, are not known. Its 
spectrophotometric characteristics and reaction to oxi- 
dation-reduction conditions suggest a phenolic or quin- 
onoid structure, and it appears to be an intermediate 
in a browning reaction. 


The authors are grateful to the National Bureau of 
Standards for aid in obtaining the reflectance data. 
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ABSORPTION OF COBALT® BY LEAVES OF BEAN PLANTS 
IN THE DARK ?:?:3 


FELIX G. GUSTAFSON ann MILTON J. SCHLESSINGER, JR. 


DEPARTMENT OF Borany, RapIATION LABoraTORY, UNIVERSITY OF MICHIGAN, 
Ann Arsor, MICHIGAN 


In a recent publication (1) the senior author has 
pointed out that 2-week-old Black Valentine bean 
plants that had been in the dark from 24 to 48 hours 
did not translocate any of the Co® applied to the 
leaves as chloride. Other investigators had previously 
shown the same for other compounds (2, 3, 4,5). The 
treated leaf usually had some radioactivity though 
never very large. In these experiments there was no 
way of determining whether the active cobalt was in- 
side the leaf or on the outside. The evidence was 
against the latter assumption for there was no evi- 
dence that the Co®Cl, had diffused underneath the 
confining lanolin ring to spread over the leaf, except in 
rare instances when the count was unusually high, but 
there always remained some doubt as to the accuracy 
of this view. Rice (3) makes the statement that bean 


1 Received March 6, 1956. 

2 Paper from the Department of Botany, University 
of Michigan, No. 1056. 

3 This investigation was financially aided by a grant 
from the Michigan Memorial Phoenix Project. The 
authors are indebted to Zane Carothers for making the 
cross sections. 


plants absorbed more 2,4-D in the dark than in the 
light even though there was no translocation out of 
the leaf. 

To supply unquestionable evidence as to whether 
there was or was not absorption in the dark, experi- 
ments were set up in which the activity of the cobalt 
chloride solution was increased to 100 yc/ml instead of 
the usual 30 yc/ml. The solution contained 1% 
Tween 20. As in previous experiments 0.05 ml was 
applied to one of the primary leaves of Black Valen- 
tine bean plants 2 weeks old, that had been in a dark 
room for 48 hours before the beginning of the experi- 
ment and that continued to be in the dark until the 
end of the experiment. The solution was placed be- 
tween veins, midway between the apex and base. In 
these experiments the solution was not placed within 
a lanolin ring because it was feared the lanolin would 
interfere with the sectioning of the treated area. No 
difficulty was encountered in confining the solution to 
a small area. 

After 6 hours contact the experiment was ter- 
minated and a disk of the treated area plus several 
millimeters surrounding it was removed with a cork 
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borer. These disks were washed in distilled water 
which removed much of the radioactivity; presum- 
ably the Co®°Cl, adhering to the external surface was 
readily removed. Narrow strips extending from the 
center of the treated area to the periphery of the disk 
were cut for the preparation of cross sections of the 
leaf. These strips were killed and treated in the usual 
way preliminary to sectioning. Paraffin sections 8- 
micra thick were cut and mounted on glass slides. 
Autoradiograms of these leaf cross sections were 
then made in the following manner: The paraffin was 
removed in xylene and the slides were processed to a 
water solution. Stripping film (Kodak Permeable 
Stripping Film) was placed on the sections by float- 


Fias. 1 to 5. Autoradiograms of cross sections of the 
primary leaf to which the cobalt 60 was applied. Fig- 
ures 1 and 2 are from the same leaf to which the cobalt 
60 was applied on the upper surface; 1, the treated area 
and 2, a few mm beyond. Figures 3, 4 and 5 are all of 
the same leaf application to the lower surface; 3, of the 
treated area, 4, a little outside and 5, at the boundary 
of the treated area. 


ing the film, which had been stripped from its plastic 
support, on water and bringing the slides carrying the 
leaf sections up under the film. The slides were air 
dried and placed in black light-tight boxes in the re- 
frigerator for exposure for times ranging from 14 to 
33 days. The length of exposure was determined by 
noting the activity of the slides in a G-M counter. 
From previous experience in this laboratory it has 
been possible to estimate from this activity a proper 
exposure time for good autoradiograms. The films 
were developed in the usual way. They were thor- 
oughly washed, and after drying were mounted with 
balsam. 

The results are presented in 5 figures. Figures 1 
and 2 are from the same leaf, to which the cobalt 
solution was applied on the upper surface. The pali- 
sade cells are shown quite distinctly in figure 1, which 
is a section of the leaf just underneath the solution. 
Figure 2 is a section of the leaf a few millimeters away 
from the periphery of the treated area and it did not 
contain enough activity to produce an image of the 
cells. Figures 3, 4 and 5 are all from the same section. 
Figure 3 is through the treated area, 4 a few milli- 
meters away and 5 is in between 3 and 4. The radio- 
active cobalt solution was applied to the lower surface 
of the leaf from which the last three sections were cut. 
The evidence is very strong that the cobalt penetrated 
the leaf but moved only a short distance; in these 
leaves only a few millimeters. Penetration was much 
greater when the cobalt was applied to the lower sur- 
face than when applied to the upper surface. 

In these experiments there was no attempt to make 
a comparative study of the absorption by the upper 
and lower epidermises. However, examination of the 
autoradiograms of cross sections show much less radio- 
activity in the leaves when the solution was applied 
to the upper surface than when applied to the lower 
surface. 

The data presented prove conclusively that the 
radioactive cobalt enters the bean leaf in the dark. It 
is apparent that this entrance is not connected with 
translocation from the leaf to the rest of the plant. 


SUMMARY 


Radioactive cobalt chloride was applied to one of 
the primary leaves of Black Valentine bean plants 2 
weeks old that had been in the dark previously for 
48 hours. Autoradiograms were made of cross sec- 
tions from the area of application and it was found 
that the cobalt 60 enters the leaf to which it is ap- 
plied, but after 6 hours it is still found predominantly 
in the tissue immediately adjacent to the area of 
application. 


LITERATURE CITED 


. Gustarson, F. G. Absorption of Co” by leaves of 
young plants and its translocation through the 
plant. Amer. Jour. Bot. 43: 157-160. 1956. 

. Mircuett, J. W. and Brown, J. W. Movement of 
2,4-dichlorophenoxyacetic acid and its relation to 
translocation of organic food materials in plants. 
Bot. Gaz. 107: 393-407. 1945-46. 





318 


3. Rice, E. L. Absorption and translocation of ammo- 
nium 2,4-dichloroacetate by bean plants. Bot. Gaz. 
109: 301-314. 1947-48. 

4. RoursaueH, L. M. and Rice, E. L. Effect of appli- 
cation of sugar on the translocation of sodium 


PLANT PHYSIOLOGY 


2,4-dichloroacetate by bean plants in the dark. 
Bot. Gaz. 111: 85-89. 1949-50. 

5. Werntraus, R. L. and Brown, J. W. Translocation 
of exogenous growth regulators in the bean sced- 
ling. Plant Physiol. 25: 140-149. 1950. 


SIMILARITY OF SOME KINETIN AND RED LIGHT EFFECTS! 


CARLOS O. MILLER 
Botany DEPARTMENT, UNIveRSITY oF WISCONSIN, MapIson 6, WISCONSIN 


The action spectra for control by light of flowering 
(1), bean leaf expansion (3), and lettuce seed germi- 
nation (2) all strongly resemble one another. With 
each of these phenomena, red and far-red light have 
opposite effects. This has been interpreted to mean 
that all these growth responses are controlled by 
identical photoreactions (3). Therefore, information 
concerning control of the latter two phenomena prob- 
ably can be applied to the problems of light control of 
flowering. 

Conceivably, the above responses can be elicited or 
modified by certain chemicals applied to the plant 
material in darkness, and the discovery of such chemi- 
cals might be expected to point to the nature of the 
reactions by which light exerts its control. The expan- 
sion of etiolated bean leaf disks and germination of 
lettuce seeds are especially adaptable to the search for 
effective chemicals. The promotion by cobaltous salts 
of bean leaf disk expansion in the dark already has 
been reported (5, 6). However, these salts do not 
promote lettuce seed germination. VSimilarly, the pro- 
motion of seed germination by thiourea is very strik- 
ing (12) but it does not promote leaf disk expansion. 
It is demonstrated in this paper that, in contrast to 
the chemicals already mentioned, kinetin (6-furfuryl- 
amino-purine) (7, 8) promotes both leaf expansion 
and lettuce seed germination in the dark. 

All studies reported herein were conducted in a 
dark room kept at 25+1°C. Cutting operations 
were made under dim green light. Red light was ob- 
tained by filtering light from a 40-watt, white fluores- 
cent tube through two layers of duPont red cello- 
phane; exposures were made at a distance of 30 cm 
from the tube. Far-red light was obtained at a dis- 
tance of 40 em from a 200-watt tungsten bulb, the 
light being filtered through two layers of duPont red 
cellophane alternated with two layers of blue eello- 
phane (11). 

Disks 5.5 mm in diameter were cut from leaves of 
Burpee Dwarf Stringless Greenpod bean plants grown 
for 7 days in the dark (5). These disks were main- 
tained on pads of filter paper wetted with 8x 10°? M 
KNOsz, 5.8x 10? M sucrose (about 2%), and serial 
dilutions of the chemical being tested. After a period 
of 48 hrs, the diameters perpendicular to the main 
veins were measured. In table I are presented data 
showing that kinetin does cause a marked increase of 


1 Received April 3, 1956. 


TABLE I 


EFFrect OF KINETIN AND LIGHT ON EXPANSION OF 
ETIOLATED BEAN Lear Disks Durina A 48-Hr 
GrowTH Periop, 1/13/56 








LicHT 
TREATMENT * 


INCREASE IN 
DIAM 


Conc oF 
KINETIN 


M mm 
0 None 





“ 


min Red 

min Far-red 

min Red and then 
min Far-red 

min Far-red 


0 
0 
0 


Or or Or or Or 


5x 10° 





* Light treatments given at beginning of experiment. 
** Standard error. Ten disks per treatment. 


expansion. This expansion was the result of cell en- 
largement. Kinetin promoted primarily the enlarge- 
ment of laminar tissues and less so the elongation of 
the veins; this caused some distortion of the disks. 
The data of table I also show that expansion of the 
particular leaf disks used was affected oppositely by 
red and far-red light. Similar data have been re- 
ported previously by Liverman et al (4). The kinetin 
effect thus resembles that of red light. Unlike the red 
light effect, however, it was not prevented by the 
exposure to far-red radiation. 

Kinetin also markedly influences the development 
of intact bean seedlings. In one experiment, the 
upper parts of 5-day-old, dark-grown seedlings were 
soaked in water or kinetin solutions for 2 hrs. The 
entire epicotyls, the cotyledons, and the uppermost 
portions of the hypocotyls were immersed in the solu- 
tions. The seedlings were then allowed to grow for an 
additional 46 hrs in the dark. At the end of this time, 
the average fresh weights of the epicotyls exposed to 
water or to 4.6 x 10-® M, 9.3 x 10-* M, or 23x 105M 
kinetin were respectively 0.19, 0.23, 0.32, and 0.30 gm. 
In such tests, kinetin promoted expansion of the 
leaves, elongation of the stems of the epicotyls, and 
elongation of the petioles. Exposure to red light 
affects bean seedling development in much the same 
ways (3); therefore, the similarity of the effects of 
kinetin and of red light is again apparent. 

For the studies on germination, Grand Rapids let- 
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TABLE II 


Evrect oF KINETIN AND LIGHT ON GERMINATION OF 
Granp Rapiws Lerruce Seeps Durine a 72-Hr 
Periop (Two EXPERIMENTS) 








Licur GERMINATION 


TREATMENT * 


Conc OF 
KINETIN 





Expt 1 Expt 2 





Go ** Jo ** 


8 7 
55 48 
89 72 
84 86 
76 76 
8 min Red 96 96 
8 min Red and then 
8 min Far-red 5 7 
8 min Far-red 86 83 





* Light treatments given 16 hrs after start of experi- 
ment. 

** Percent given as nearest whole number, 95 to 105 
seeds per treatment. 


tuce seeds were placed in Petri dishes containing pads 
of filter paper (3 sheets of Whatman #1, 9 cm) 
wetted with 5 ml of distilled water or the appropriate 
concentration of kinetin. The dishes were kept in the 
dark for 72 hrs unless given a light treatment 16 hrs 
after the start of the test. It is evident from table IT 
that the response to kinetin has not been very uni- 
form from one test to the next. However, the kinetin 


at the optimal concentration has always given at least 
seven times as much germination as that which oc- 


curred on water. In considering these data, it is well 
to keep in mind that root growth of the lettuce seed- 
lings was inhibited severely by kinetin and that this 
inhibition might be reflected in the data on germina- 
tion. Although germination obtained with kinetin has 
never been quite as high as that resulting after expo- 
sure to red light, the similarity of the two effects on 
germination is quite strong. As in the leaf disk ex- 
periments, the kinetin effect was not reversed by far- 
red light. 

v In the leaf disk test, kinetin promotes cell enlarge- 
ment. In the pea stem segment test, however, cell 
elongation is definitely inhibited by the compound 
even at low concentrations. Segments 5.2 mm long 
were cut from just below the plumular hooks of 7-day- 
old, dark-grown, Alaska #323 pea plants. The seg- 
ments were floated on solutions containing 1.1 x 10-5 M 
indole-3-acetic acid and various concentrations of 
kinetin. In 24 hrs on the control solution, the length 
of the segments increased 2.90 mm. On the same 
solution with 2.5 x 10° M kinetin added, the increase 
was 1.72 mm. Although no concurrent tests of possi- 
ble red light effects were made, red light is known to 
reduce the elongation of pea stem internodes (10). 

Analogs of kinetin including 6-benzylamino-purine, 
6-phenylamino-purine and 6-hexylamino-purine all 
show the same types of activity as kinetin in the vari- 
ous tests mentioned above. They have not been 
studied in detail however. These compounds previ- 
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ously have been reported to promote cell division in 
excised tobacco tissues (9). Adenine (6-aminopurine) 
is inactive in all these tests; thus, substitution in the 
amino group seems necessary. 

The data presented in this paper clearly demon- 
strate the similarities of the kinetin and red light 
effects. It is reasonable to think that the two may 
act through the same biological mechanism. This, of 
course, needs to be tested much more thoroughly. 
Nevertheless, kinetin and related compounds may be 
regarded as promising tools in efforts to understand 
effects of red light on plants. Certainly, experiments 
should be performed to see if kinetin can affect flower- 
ing in the same manner as red light. 


The author wishes to express gratitude for aid re- 
ceived indirectly from the Wisconsin Alumni Research 
Foundation. 
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ALFALFA LIPOXIDASE 1 


A. M. SIDDIQI ann A. L. TAPPEL 
DEPARTMENT OF Foop TecHNoLocy, UNIversITY or CALIFORNIA, 
Davis, CALIFORNIA 


The presence of the enzyme lipoxidase in alfalfa 
has been reported (3, 5, 6). However, the properties 
of this postulated alfalfa lipoxidase are quite different 
from the well known properties of soybean lipoxidase. 
Strain (5) showed that the alfalfa enzyme acts on 
oleic and ricinoleic acids, however it is known that 
soybean lipoxidase acts only on linoleic, linolenic and 
arachidonic acids. Mitchell and Hauge (3) showed 
that the alfalfa enzyme was partially or completely 
inactivated by copper sulfate, basic lead acetate, so- 
dium cyanide, thiourea and sodium fluoride. These 
reagents in relatively high concentrations have no ef- 
fect on soybean lipoxidase. Recently, Walsh and 
Hauge (9) determined optimum temperature and pH 
and the cyanide inhibition of alfalfa suspensions. After 
comparing their findings with the properties of soy- 
bean lipoxidase, they came to the conclusion that the 
two enzymes are widely different. It is the purpose 
of this study to establish the identity of the alfalfa 
enzyme as a lipoxidase and to determine some of its 
important properties. 

The enzyme suspensions were prepared by pressing 
the leaves of fresh mature alfalfa (California com- 
mon variety) in a hydraulic press. All experiments 
were done on this juice. Attempts at further purifica- 
tion were unsuccessful. Highly purified ammonium 
linoleate was the substrate. Reaction rates were 
measured by the standard Warburg techniques al- 
ready described (4). 

In the first series of experiments, it was found that 
linoleate alone, linoleate + heated alfalfa juice and un- 
heated alfalfa juice alone did not absorb any appreci- 
able amounts of oxygen. The oxygen absorption value 
of 7.7 wl/min in the case of linoleate + alfalfa juice, 
therefore, suggests the presence of an enzyme system. 
Significant is the fact that ammonium oleate in the 
same concentration as linoleate and treated exactly 
the same way was not oxidized when reacted with the 
alfalfa juice. These observations indicate the presence 
of a lipoxidase similar to soybean lipoxidase which 
specifically catalyses the oxidation of unsaturated 
fatty acids having two methylene interrupted double 
bonds. 

In order to further compare the properties of the 
alfalfa enzyme with soybean lipoxidase, inhibitor and 
antioxidant studies were performed. Though an oxi- 
dizing enzyme, soybean lipoxidase is not known to 
possess a prosthetic group (1). Like soybean lipoxi- 
dase, the lipoxidases from mung beans (Phaseolus 
aureus), peas, wheat, peanuts and urd beans (Phase- 
olus mungo) are not inhibited by metal inhibitors or 
sulfhydryl agents (Siddiqi, unpublished results; 4). 


1 Received revised manuscript April 18, 1956. 


TABLE I 


INHIBITION BY ANTIOXIDANTS OF ALFALFA 
ENZYME CATALYSIS 





INHIBITION OF THE 


ANTIOXIDANT CONCENTRATION INITIAL REACTION 


1x10*M 
Nordihydroguaiaretic 0.1 
acid 1 
Propyl gallate 1 
2 
Hydroquinone 10 
100 


a-Tocopherol 10 


Accordingly, the effect of cyanide, azide, fluoride, di- 
ethyldithiocarbamate and p-chloromercuribenzoate at 
a final concentration of 1 x 10-3 M was determined on 
the rate of oxygen absorption of the linoleate—alfalfa 
juice reaction mixture. 


None of the above reagents 
inhibited the oxygen absorption appreciably. These 
inhibitor studies indicate that alfalfa enzyme, like 
other known lipoxidases, does not give direct evidence 
of a prosthetic group similar to those occurring in 
most oxidative or peroxidative enzymes. Results of 
the effect of antioxidants, nordihydroguaiaretic acid, 
propylgallate and a-tocopherol on the reaction velocity 
are given in table [. Here again a striking similarity 
of the alfalfa enzyme with soybean lipoxidase (8) is 
observed. 

Further evidence for the identity of the alfalfa 
enzyme as a lipoxidase came from a determination of 
peroxides and conjugated dienes in a sample of lino- 
leate which had been oxidized by the alfalfa enzyme. 
The peroxide concentration was determined by the 
method of Lundberg and Chipault (2). The amount 
of conjugated dienes was determined by measuring 
absorption at 233 my. Based on the E,, value of 27,- 
400 (7), 1.3 x 10-? millimoles of conjugated dienes were 
formed. The peroxide determination yielded a value 
of 14x10 millimoles of peroxide produced. Since 
the ratio of these values is near unity, this indicates 
that the linoleate oxidation products of alfalfa lipoxi- 
dase catalysis are similar to those of soybean lipoxi- 
dase catalysis. 


The authors are indebted to Mr. Luther G. Jones 
of the Department of Agronomy, University of Cali- 
fornia, Davis, for the samples of alfalfa used in this 
study. 
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PROMOTION OF LEAF EXPANSION BY KINETIN AND 
BENZYLAMINOPURINE? 2:34 


RALPH A. SCOTT, JR. anp JAMES L. LIVERMAN 
Texas AGRICULTURAL EXPERIMENT STATION, COLLEGE STATION, TEXAS 


Kinetin, 6-(2-furfuryl)-aminopurine which was re- 
cently isolated from autoclaved deoxyribonucleic acid, 
has been shown to interact with indoleacetic acid 
(IAA) in controlling root and bud formation in to- 
bacco pith callus tissue cultures (1). Kinetin and 
some of its analogs (kinins) also appear to regulate 
budding in moss (Torteila caespitosa) and root growth 
in tomato (Lycopersicum esculentum Mill.) (2, 3). 
Although it has been shown that light and the cobal- 
tous ion exert control over oat coleoptile growth (4, 5) 
and over leaf expansion (4, 6, 7) the regulation of 
these processes by kinetin or its analogs has not been 
demonstrated. The experiments reported below were 
undertaken to determine the effect of kinins on leaf 
expansion and whether they interact in some manner 
with red and far-red light and cobalt to control this 
process. 

Disks 5 mm in diameter were taken from etiolated 
primary leaves of Burpee dwarf stringless greenpod 
beans and were grown in Petri dishes on filter paper 
containing 5 ml of Miller’s media (8) modified to in- 
clude pH 5.6 buffer consisting of 5 gm of potassium— 
sodium tartrate and 1 gm of potassium dihydrogen 
phosphate per liter of solution. The cobaltous ion was 
added as cobaltous nitrate at a concentration of 20 
ppm which appears to be optimum under our condi- 
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tions (unpublished data). All manipulations prior to 
light treatment were carried out under a green safe- 
light. Approximately 1600 foot-candle-minutes (FCM) 
of red light (6000 to 7000 A, maximum at 6400 A) 
were obtained by filtering fluorescent light through 
two layers of DuPont 300 MSC red cellophane. Four 
hundred FCM of far-red (greater than 6800 A, ap- 
proximately 40% transmission at 7300 A, 60% at 
8000 A) were secured by passing light from an incan- 
descent source through two layers of red and two 
layers of dark blue DuPont 300 MSC cellophane. 
This quality of light was essentially that used previ- 
ously (4). After the light treatment, the disks were 
placed in darkness at 25° C until harvested. Results 
are expressed in terms of millimeters increase in di- 
ameter after 48 hours of growth. 

The results in table I show the effect of two differ- 
ent kinins with or without cobalt on the expansion of 
etiolated bean leaf disks given red light or darkness. 
It is apparent in every case that the kinins used in 
these experiments promote leaf expansion above the 
controls until an inhibitory concentration is reached. 
The concentration for maximum growth appears to be 
in the region from 0.1 to 1.0 pgm/l. Either cobalt or 
these kinins promote leaf expansion more than does 
red light; furthermore, the response to light is essen- 
tialy additive to that for cobalt or for the kinins. In 
nearly every instance, however, when cobalt and the 
kinins are given together in either light or dark the 
increase in diameter is considerably less than additive. 
For example, the increase due to cobalt alone in dark- 
ness is 1.09 mm (1.73-0.64). The response due to 
6-benzylaminopurine at a concentration of 0.3 micro- 
grams per liter in the dark is 1.15 mm (1.79-0.64). 
If the growth due to cobalt and to 6-benzylamino- 
purine were additive, the disks should have grown 
2.14 mm more than those in basal medium whereas 
they actually grew only 1.54 mm more than the con- 
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TABLE I 


Errect oF Two DirrerENT KININS WITH OR WITHOUT 
CoBALT ON THE EXPANSION OF ETIOLATED BEAN LEAF 
Disks Given Rep Licut or DARKNESS 








Cc MM INCREASE IN DIAM AFTER 48 HRS GROWTH * 
ONC 


va Reb 
KININ ‘ 
uGM/L 





Dark 





BasaL CosaLt Basal CosaLt 





6(2-Furfuryl)-aminopurine 


1.18 + 0.04** 251+0.05 0.64 + 0.02 
154+0.03 254+013 167+ 0.02 
2.09+0.07 295+0.11 181+ 0.04 
229+0.09 264+0.09 199+ 0.03 
032+000 217+007 042+0.01 


6-Benzylaminopurine 


251+0.05 0.64 + 0.02 
246+0.07 1.53 + 0.09 
265+0.06 1.79+ 0.03 
2.22+0.03 1.08 + 0.03 
063 + 0.06 0.59 + 0.03 


1.18 + 0.04 





* The average of 4 separate experiments with 20 disks 
per treatment in each experiment. 
** Standard error. 


trols or only about 70% of the expected growth. 
Essentially the same result is observed at concentra- 
tions of 0.1 and 1.0 pgm/] irrespective of the light 
treatment. 

The kinins and cobalt promote expansion even in 
cases where the promotive effect of red light is re- 
versed by far-red light. Far-red light given without 
prior exposure to red acts essentially as darkness. 

Although experiments to determine whether the 
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competition between cobalt and the kinins is of a com- 
petitive nature have not been completed, the results 
thus far suggest this as a possibility. Since far-red 
light appears to be unable to reverse the promotive 
effect of either kinins or of cobalt it seems unlikely 
that these substances control the same reaction step as 
does red and far-red light. Nevertheless, cobalt and 


the kinins in particular, appear to offer a new and 
important tool for gaining a better insight into the 
actual reaction mechanism or reaction sequence con- 
trolled by the red-far-red light growth reaction. 
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